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ABSTRACT

This thesis is a summary of a comprehensive geophysical investigation in
southern Dawmat Al Jandal, Al Jawf in Saudi Arabia. This research demonstrates that the
acquisition of both core control and geophysical data is superior to the acquisition of core
control alone. Coring is expensive and is limited in subsurface coverage. Geophysical
surveying, however, is a relatively rapid and cost-effective means of deriving information
about the subsurface between core holes. Ground penetrating radar (GPR), Multichannel
Analysis of Surface Waves (MASW), and Seismic Refraction methods were used as
exploration techniques to locate surficial mineral deposits within the study area.
During the course of these investigations, the author tries to review the acquired
1620 meters of ground penetrating radar (GPR) data to image internal reflections (if any)
within the sand and the top of the underlying sandstone; 27 MASW field records were
acquired at each core hole location, which generated 1-D and 2-D shear wave velocity
profiles, and 27 seismic refraction profiles were acquired, which did not image the top of
the sandstone. The purpose was to estimate the thickness of the sand and to map bedding
planes within the sand to better understand depositional environments under the same
conditions, based on the high-resolution 2-D surveys, mostly performed in mining areas.
The Geophysical investigations were successful and proved to be useful methods
for the exploration of shallow subsurface areas where the results are equal to, or slightly
different from, the corresponding with of the core holes’ values. Therefore, geophysical
surveying does not remove the need for core control, but when it is properly applied it
can optimize exploration rating programs by maximizing the rate of ground coverage and
minimizing the amount of core drilling that is required.
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INTRODUCTION

1.1. OVERVIEW
An industrial mineral, or rock, is any mineral or non-metallic substance with an
economic value, excluding metallic minerals, mineral fuels, and gemstones. The main
characteristic of industrial minerals is their diversity in terms of nature, origin,
occurrence, properties, industrial application, quantities produced, and market value.
Industrial minerals became attracted to the same level of investment, or qualify
for the same priority in exploration programs as the more economically attractive base
metals, such as precious metals and fuel minerals. However, industrial minerals represent
more than 70 percent of the world’s mineral production in terms of tonnage, and 40
percent in terms of value.
Siliceous sand and sandstone are very common in Saudi Arabia. The Al Muleyh
area (about 44 km to the south of the town of Dawmat Al Jandal) lies in a flat plain area
with low relief hills, and contains resources of silica sand and sandstone of the white,
silica-rich sand (96.3-99.8 percent SiO2). The deposit, which is up to 40 meters thick, is
homogeneous (without intercalations) and shows vertical jointing. The study area is
divided into two main zones. Zone A is exposed to the west of the Hail-Dawmat Al
Jandal Qurayat highway (N 29°28’ 54.6” and E 39° 53’ 48.4”). Zone B lies to the east of
the Qurayat highway (N 29° 27’ 27.2” and E 39° 59’ 40.1”) Figure 1.1.
The morphology of the sand deposit is dominated by small hill alignments, or a
plateau between 10 and 40 meters in height. The outcrops mainly consist of quartz sand,
and are slightly intercalated by indurate white, greenish, and yellowish sandstone layers.
Geophysical applications have seen significant growth in recent years as the
technique gains acceptance in geological applications and in the mining industry. There is
a need to apply a geophysical method that uses techniques that provide detailed
information about subsurface layering, measuring thickness, following layers to the
bedrock, lithology type, and the lateral and vertical changes in lithology, by using the
feature’s pulses of electromagnetic radiation and seismic acoustical waves (from a
surface into the subsurface) that are sent out at predetermined distances for data
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acquisition and interpretation, and to discover resources at shallower depths, especially
for depths of less than 30 meters.
This study attempts to compare devices that are currently used in the applications
of Ground Penetrating Radar (GPR), Multichannel Analysis of Surface Waves (MASW),
and Seismic Refraction with core holes on silica sand deposits.
Applying geophysical methods is an excellent alternative to the conventional Core
hole methods to provide information in a 1-D or 2-D, easy field acquisition, processing
and interpenetrations. Each of these methods has been successful, to varying degrees, in
replicating the results obtained by the Core holes’ measurements.

3

Study Area

Figure 1.1 Location Map of the Study Area.
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1.2. RESEARCH OBJECTIVES
Investigating subsurface geology by Core holes is considered one of the
traditional methods that is expensive and only provides information at discrete locations.
In this study, (The first study of its kind using geophysical applications for the region)
geophysical survey methods have been used for geological applications (in terms of
mapping thick silica sands). Although they are sometimes prone to major ambiguities or
uncertainties of interpretation, they provide a relatively rapid and cost-effective means of
deriving really distributed information. In the exploration for subsurface resources, the
methods are capable of detecting and delineating local features such as to map top of rock
(estimate thickness of sand), and to map bedding planes within sands so as to better
understand depositional environment for potential interest that could not be discovered by
any realistic drilling program. Geophysical surveying does not dispense with the need for
drilling, but when used properly, it can optimize exploration programs by maximizing the
rate of ground coverage and minimizing the drilling required, to save expenses.

1.3. STRUCTURE OF THE THESIS
In the exploration of methods, ease of use and economic factors play a role in the
development of mineral resources. Section one lists briefly the main objective of this
research and previous work. This section will give the reader a general overview about
what has been done in previous studies for core holes of silica sand deposits, as well as
the study area’s location and geology.
Section two conducts several perpendicular horizontal GPR survey lines at each
station of the study area with the purpose being to create a 2-D. It provides information
about electromagnetic wave theory, as it relates to the ground penetrating radar (GPR)
technique. Including discussions of the dielectric permittivity (constant), diffraction,
resolution, energy loss or attenuation, data acquisition, the antennas selection, data
processing is discussed, and interpretation using GSSI - RADAN 6.5 software. Following
that, in section three where the author points to details and information about using the
Multichannel Analysis of Surface Waves (MASW) method to estimate the shear wave
velocity (Vs) profile followed by imaging the shallow subsurface layers to the top of
sandstone. Multichannel recording leads to effective identification and isolation of
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various factors of noise. Calculating the 1-D shear wave velocity (Vs) field from surface
waves ensures a high degree of accuracy irrespective of cultural noise, dispersion curves,
and velocity models (S-wave velocity with depth) followed by 2-D velocity images to
establish those assessments on the basis of the comparison estimated bedrock depths and
proximal ground truth are equal to, or slightly different from, the corresponding Core
Drilling values and interpretation using Surf-Seis, 2006 software.
Then in section four, the fundamentals require the theory of using the 2D Seismic
refraction survey because of the great homogeneity in the layers’ classes. Compression
wave (p-wave) velocities, the typically measured geologic material parameter, are a
function of the moduli of the various unsaturated material in the subsurface profile;
including discussions of data acquisition, descriptions of seismic profiles, and data
interpretation using Seisimager software.
Section five compares the results of the techniques used and details the
conclusion.
Finally in section six, is the appearance of the bibliography, followed by VITA
which ends the contents of this dissertation.

1.4. PREVIOUS WORK
Cable researches of this area were described briefly in the B.R.G.M Open-File
Report by Roger and Al Nakhebi (1983). The first short report was based on some field
work and a few drill holes executed in this area. The second described a detailed study of
silica sand in Saudi Arabia in the Saudi Geological Survey Technical Report SGS-TR2011-8 by Ghandoura, R.A., Al-Nakhebi, Z.A., Tayeb, O.M., Al-Tamimi, M.A., and AlSulaimani, G., (2012). The field work, and the drilling of 27 core holes totaling about
524.5 meters in length, covering an area of about 20 km2 was accomplished from June
19, 2005 to July 19, 2005.

1.5. GEOLOGICAL SETTING
The study area is defined by Bramkamp and others (1963), the silica sand deposit
(upper part Sirhan Formation). The Sirhan Formation in study area is described as a
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Tertiary unit, mainly composed of white sands and underlying slightly consolidated
sandstone Figure 1.2, and 1.3.
The Sirhan Formation sands and sandstones are believed to be Miocene and
perhaps partly Pliocene in age. Total thickness of Sirhan Formation is about 100 m. The
sands and underlying sandstones were deposited during detrital cycles, in a broad
elongate trough, situated within relatively flat area. The erosion, transport, and deposition
of material are due to the action of the winds. The sand deposits consist predominantly of
well-sorted white silica sands covering an area of about 20 km 2 .The average thicknesses
of sands is 20 m.

1.6. MINERAL DEPOSITS
Silica sands of the Sirhan Formation are predominantly quartz with the following
average content: silica 97%, iron oxide 0.2%, and alumina 1.4%. Sands are fine- to
coarse-grained and moderately-well sorted. Quartz particles are sub-rounded to subangular. Bedding planes are observed within the sandstone sequence, apparent and
graded bedding horizons that indicate to multi sedimentary cycles. Unit displays regular
vertical joints and fractures without filling materials. Represent views of the area, the
surface geology, and field operations are shown in Figures 1.4 through 1.11.

1.7. CORE CONTROL
Twenty-seven core holes were acquired, totaling 524.55 meters, in an area of 20
km2, ten parallel cross-sections from two sites and trending N65°E, each section has
three to five Core holes drilling sites, but in some cases only one drilling site was
selected. The core holes were about 2 to 3 km apart from each other in the study area,
(Table 1.1 and Table 1.2). According to the general specifications for sandstone and silica
/ quartz, samples were obtained for chemical analysis. In general, the silica contents of
the cores are greater than 97 percent.
The analyses were performed on sand sizes between 0.1 to 0.5 mm. Over- sized
and under- sized particles were removed by a dry screening process. Overall particle
shape of sand grains ranges in the category of sub-rounded to sub-angular with minor
amounts of rounded particles.
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Coring tends to be expensive and is limited in terms of the subsurface area of
coverage. The potential for project cost savings reflected in the bids, and in reduced
potential for changed conditions claims, may be very significant.
It is not necessary to access the top of the bedrock due to the cost of drilling and the
belief that access to this depth enough. Therefore, drilling depths were ranging between
13 to 24 meters in height.
Author believes there are not bedding features within the sand because all of the
samples were friable fine sand. We did not find bedding features within the sand because
all of the samples were friable fine sand.
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Figure 1.2 Geological Map of the Study Area.
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Figure 1.3 Lithostratigraphic Colum of Map Units.

Figure 1.4 White Silica Sand Outcrop of the Sirhan Formation.
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Figure 1.5 White Silica Sand in Excavated Material.

Figure 1.6 View of Core Drilling Camp with Drilling Rig.
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Figure 1.7 Data Collection in the Field of Drilling.

Figure 1.8 Photograph of Friable Silica sand Core.
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Figure 1.9 Core Boxes Showing the Friable Sandstone Core.

Figure 1.10 Concentration of Silica Ratio.
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Table 1.1 Log of the Vertical Section.
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Table 1.2 Location, Depth, and Lithology of the Core Holes

Core Hole No.

Coordinates

JSSD ‐ 1

N 72 72 1.81
E 92 11 9782
N 72 7. 1781
E 92 17 7982
N 72 72 1981
E 92 19 9.83
N 72 72 9289
E 92 1. .981
N 72 7. 9.81
E 92 11 2981
N 72 7. 1.82
E 92 1. 7287
N 72 7. 9.8.
E 92 19 2781
N 72 72 1282
E 92 17 9781
N 72 7. 1.83
E 92 19 ..8.
N 72 7. 1389
E 92 1. 7181
N 72 72 9383
E 92 19 1389
N 72 72 .289
E 92 17 .189
N 72 7. 1389
E 92 1. 7181
N 72 72 .981
E 92 11 178.
N 72 7. ..82
E 92 1. 998.
N 72 7. 7281
E 92 12 .18.
N 72 72 .282
E .2 21 198.
N 72 72 .282
E .2 22 1189
N 72 7. 2189
E 92 12 2282
N 72 72 .381
E 92 1. 7283
N 72 72 7287
E 92 12 .281
N 72 72 2.82
E .2 22 1181
N 72 73 7.8.
E .2 22 2.82
N 72 73 1.89
E 92 12 2287
N 72 73 .182
E 92 1. 7182
N 72 71 .389
E 92 12 7283
N 72 71 1781
E .2 22 1187

JSSD ‐ 1
JSSD ‐ 1
JSSD ‐4
JSSD ‐5
JSSD ‐6
JSSD ‐7
JSSD ‐8
JSSD ‐9
JSSD ‐10
JSSD ‐11
JSSD ‐12
JSSD ‐13
JSSD ‐14
JSSD ‐15
JSSD ‐16
JSSD ‐17
JSSD ‐18
JSSD ‐19
JSSD ‐20
JSSD ‐21
JSSD ‐22
JSSD ‐23
JSSD ‐24
JSSD ‐25
JSSD ‐26
JSSD ‐27
Total Depths of
Core Hole

Depth (m)

Lithological Description

18.00

White silica sand is concentrated between 12 – 15 m

71812

White silica sand is concentrated between 1.5 – 15.10 m

77822

White silica sand is concentrated between 0.50 - 10 m

128.2

The color of silica sand is range from gray to dark yellow

19822

White silica sand is concentrated between 0.50 – 13.70 m

1.8.2

White silica sand is concentrated between 0.40 - 15 m

15.10

White silica sand is concentrated between 0.30 – 13.60 m

7.812

White silica sand is concentrated between 0.60 – 24.10 m

12822

White silica sand is concentrated between 1 – 16.60 m

24.00

White silica sand is concentrated between 0.60 – 22.70 m

1.872

White silica sand is concentrated between 0.60 – 18.20 m

19.10

White silica sand is concentrated between 1.0 – 19.60 m

1.872

White silica sand is concentrated between 0.40 – 18.20 m

12822

White silica sand is concentrated between 0.20 – 19.70 m

12822

White silica sand is concentrated between 0.50 – 19.70 m

12822

White silica sand is concentrated between 1.5 – 19.70 m

12822

White silica sand is concentrated between 0.60 – 12.20 m

12822

White silica sand is concentrated between 0.70 – 18.20 m

12822

White silica sand is concentrated between 0.80 – 19.70 m

12822

White silica sand is concentrated between 1.20 – 19.70 m

128.2

White silica sand is concentrated between 0.40 – 19.80 m

128.2

White silica sand is concentrated between 0.70 – 19.80m

12822

White silica sand is concentrated between 0.60 – 19.70 m

12822

White silica sand is concentrated between 1.20 – 19.70 m

128.2

White silica sand is concentrated between 0.70 – 17.40 m

12822

White silica sand is concentrated between 0.50 – 19.70 m

19.00

White silica sand is concentrated between 03.30 – 19 m

524.55m

Average of white silica sand thickness between 1.00 – 17 m
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2. GROUND PENETRATING RADAR (GPR) METHOD IN MINERAL
EXPLORATION ON SHALLOW- ELECTROMAGNETIC TECHNIQUES

2.1. INTRODUCTION
Ground penetrating radar (GPR) is a subsurface geophysical exploration tool that
involves the transmission of microwave range pulsed electromagnetic radiation into the
subsurface and the recording of the arrival times and magnitudes of energy that is
reflected from features or interfaces in the subsurface.
The GPR pulses propagate at velocities that are dependent upon the dielectric
constant, also known as relative permittivity, of the subsurface medium. It is the depth at
which a pulse of energy was reflected that determines the time it will take the energy to
return to the GPR antenna on the earth’s surface.
Ground penetrating radar provides detailed information about the subsurface
such as the geological structures, folds, strata sequences, utilities, tombs, ancient graves,
landmines, and it estimates the thickness of different earth materials, such as soils
(Reynolds, 1997; Kovin and Anderson et al., 2005) which are site-dependent. The quality
of the results depends on the target, geologic environment, subsurface options, and other
alternative factors that influence one’s ability to locate targets in various conditions. It is
undeniable that GPR is a helpful device for shallow subterranean investigations, and it
has been proven to be promising tool for subsurface characterization in the field of
geological investigations since the 1960s.
GPR is an effective geophysical imaging tool. When used over ground that has
low conductivity and low scattering losses, surveys can potentially image depths up to 20
meters using low-frequency antennas, with a wide set of applications in geological
mapping and underground mining (Annan, 2002). However, recent exploration
programmers have been focusing on deposits which require deeper imaging (Francke
2007).
The GPR method is very similar to the seismic method. The main difference
between the two methods is the type of waves they use. While the seismic method uses
waves that consist of tiny pockets of elastic strain energy, GPR uses electromagnetic
waves for commonly non-destructive subsurface imaging in the form of radio waves,
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based on the propagation of electromagnetic waves in the subsurface (Daniels, 2004;
Conyers, 2004; Otto and Sass, 2006; and Sass, 2007).
GPR product, which is a radiogram image, is not only an image of the subsurface,
but it is also the recorded response of the subsurface materials to the propagation of
electromagnetic (EM) energy in the microwaves range, and across a relatively narrow
range of radio waves with typical frequencies from 10 MHz to over 1.5 GHz (Takahashi,
2004; Booth et al., 2009; and Cassidy, 2009a).
Jol and Smith (1991) coined the term ‘radar stratigraphy’ for this new
interpretation

technique.

Three-dimensional

packages

that

represent

particular

combinations of physical and chemical properties such as lithology, stratification style
and fluid content, and grain size may be used to interpret depositional processes and
environments.
Inclined radar reflectors are observed in a variety of environments; thus, they can
be discriminated by the vertical and horizontal scale of the reflectors as well as the
association with contiguous facies, ground-truthed with outcrop observations or core
holes.
GPR allows a large amount of ground to be covered relatively quickly, resulting
in detailed, near-continuous profiles (vertical sections of data). When profiles are close to
core holes or other sources of stratigraphic info, the data pictures (if scaled properly) will
usually be understood directly, providing real-time results throughout surveys.
Collections of profiles can be organized into 2-D blocks of information, and horizontal or
vertical slices of data can be extracted from those blocks.
In this study, two low-frequency antennas (100-200 MHz) were used in an
attempt to image the subsurface to depths of 20 meters, with the goal of measuring the
thickness of silica sand and the depth to the bedrock at the study site, Dawmat Al Jandal,
Al Jawf of Saudi Arabia. In summary, ground penetrating radar data was acquired at the
sites.
Unfortunately, the lower frequency GPR antenna was able to image the
subsurface to depths of only 20 meters. As a consequence, the top of the bedrock in the
study areas could not be mapped using this technique.
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2.2. THEORETICAL BACKGROUND OF SUBSURFACE GPR REFLECTIONS
The material properties that control the behavior of electromagnetic energy in a
medium are dielectric permittivity (ε) and electrical conductivity (σ), and are the most
important properties or factors while variations in magnetic permeability (μ) are generally
not constant (Dezelic, 2004; and Annan, 2009). The magnetic effect of materials has little
effect on the propagating of GPR waves and their magnetic permeability, and it is often
simplified to the free-space value of 1.26 × 10-6 H/m (Cassidy, 2009a). Accordingly, the
value of the relative magnetic permeability (μr) of non-magnetic earth materials, rocks,
soils, and many other materials is, (μr = 1 for non-magnetic materials) (Reynolds, 1997);
where

r

=

/

0

Equation 2.1

μ – the absolute magnetic permeability of a material
μ0 – the magnetic permeability of free space (air)
Earth subsurface materials are often described as dielectric materials. The term
‘dielectric’ describes a class of non-conductive materials that can accommodate a
propagating EM field; however in reality, all subsurface materials possess some form of
free charges and thus show some degree of EM attenuation. In extreme cases, a material
that contains a high degree of free charges is effectively considered a conductor and the
majority of the EM energy will be lost in the conduction process as heat; therefore, GPR
is ineffective in higher-conductivity environments such as saline environments and areas
that have high clay contents (Cassidy, 2009a). Accordingly, the electromagnetic
properties of earth materials are related to their chemical composition and water content,
both of which control and govern the speed and the degree of the attenuation of the
propagation of EM waves in earth materials (Reynolds, 1997).

Rocks, soils, and many other earth materials are non-magnetic but are electrically
conductive and dielectric. Dielectric conductivity (σ) can be defined as the ability of a
material to pass free electrical charges under the influence of an applied electric field. In
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contrast, dielectric permittivity (ε) can be described as the ability of a material to restrict
the flow of free electrical charges under the influence of an applied electric field
(Cassidy, 2009a). When the absolute dielectric permittivity value (ε) is compared to the
dielectric permittivity value of the free space or air (ε0), the relative dielectric permittivity
(εr) or what is known in many published texts as a dielectric constant (k) is resulted.

r

=k= /

0

Equation 2. 2

The dielectric permittivity of free space (or permittivity constant) is given as
8.8542 × 10-12 F/m and differs negligibly from the permittivity of air (Dezelic, 2004; and
Cassidy, 2009a). The electric properties of some typical geological materials are
presented in
Table 2.1. The relative dielectric permittivity defines the index of refraction of the
medium, and controls the speed of the electromagnetic waves in that medium. By using
the relative dielectric permittivity value of an earthen material, the velocity of
electromagnetic waves in a material (Vm) relies on the speed of light in free space (c = 0.3
m/ns). In common materials,

r

and V can range from 1-30 and 33-300, respectively or

can be calculated as follows:

V = c / ( r) 1/2

Equation 2. 3

Where:
V - the velocity of propagated electromagnetic waves in the material.
c – the speed of light.
r

– the relative dielectric permittivity of the material (non-dimensional value).

The depth of the investigation is a function of the velocity propagation and the
antenna used. However if the subsurface is highly conductive and if clay is present, the
depth of the investigation will be severely limited. A GPR control unit can be used with
different antennae utilizing different frequencies, normally varying between 10 MHz –
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2500 MHz. Signals of high-frequency antennae produce high resolution data that reflects
more details about the target, but have a limited depth of penetration. In contrast, lowfrequency signals propagate deeper but produce low resolution data (Beres and Haeni,
1991; Kovin and Anderson, 2005, 2006, and 2010).

2.2.1. Dielectric Permittivity (Constant). Dielectric permittivity is the capacity
of a material to hold and pass an electromagnetic charge. It varies with a material’s
composition, moisture, physical properties, porosity, and temperature (Geophysical
Survey System, Inc., 2006). For low radar frequencies (< 100MHz), the dielectric
permittivity plays a dominant role in determining the velocity of a medium. For
insulating materials such as dry rocks, dielectric permittivity alone determines the
velocity of the EM wave. The effect of dielectric permittivity is seen in Figures 2.1 and
2.2. Figure 2.1 plots the velocity of an EM wave as a function of conductivity and
frequency, with a relative dielectric permittivity of 4. Figure 2.2 plots frequency vs.
relative velocities with a constant resistivity of 50 Ω-m. It can be determined from Figure
2.2 for frequencies above 100 MHz, velocity is essentially independent of frequency and
dependent only on the dielectric permittivity). Table 2.2 shows the relative dielectric
permittivity (εr) (or dielectric constant, k) of some common subsurface materials and the
velocities for some earth materials (Reynolds, 1997). Dielectric permittivity is the
primary factor influencing the speed of electromagnetic radiation in earth materials at
ground penetrating radar frequencies.
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Table 2.1 Typical Electric Properties of Common Geological Materials (Davis and
Annan, 1989).
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Table 2.2 This Shows the Relative Dielectric Constants ( r) and Radio Wave Velocities
(V) for a Variety of Geologic and Semisynthetic Materials. (Some Materials are Omitted,
Modified from Reynolds, 1997).

Figure 2.1 EM Wave Velocity Plotted as a Function of Soil Resistivity with a Relative
Dielectric Permittivity (Constant) of 4.

22

Figure 2.2 EM Wave Velocity Plotted as a Function of Relative Dielectric Permittivity
for a Material with a Resistivity of 50 Ω m.
2.3. FUNDAMENTALS OF GPR TECHNOLOGY
GPR is typically used to investigate and detect subsurface targets or objects, such
as discontinuities whose electrical properties differ from those of the surrounding
environment. Parameters of either reflections from subsurface interfaces or transmitted
electromagnetic waves are employed to study the dielectric properties of the subsurface
features. Some physical properties of a subsurface target(s), such as its nature and
components (discontinuity, in-filled-discontinuity, buried metal, rock, soil, etc.),
electrical conductivity, magnetic permeability, and more specific relative dielectric
permittivity, in addition to the type and the frequency of the used antennae have to be
taken into consideration for a better understanding of GPR data.
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2.3.1. GPR System Components. The main control unit of the GPR system
(GSSI SIR-3000) is a lightweight, portable, single-channel ground penetrating radar
system that can be deployed for a wide variety of applications, and it was used in this
work, Figure 2.3. The components of the instruments include antennae that provide for
the emission and reception of EM energy; a control unit governing all of the parameters
of the radiated signal, timing, amplifier and filter settings, and digitization rate; and a
laptop computer for handling the parameters of the control unit, data storage, and
visualization. Usually the transmitter, amplifier, and digitizer, electronics are combined
with the antennae in separate blocks to reduce the noise generated in the connecting
cables (Koppenjan, 2009; and Kovin, 2010).

2.3.2. Antennae Characteristics. Antennae are the most important elements of
GPR instruments. Antennae define the central operating frequency, bandwidth of the
pulse, and efficiency of EM energy emission and reception. The majority of the GPR
systems that are available commercially use half-wave dipole antennae. The term “halfwave,” means that the central frequency of dipole antennae depends on their length. In
general, there are two types of antennae that are commonly used: monostatic antennae
and bistatic antennae. A monostatic GPR antenna uses a single dipole for emitting
(transmitting) and receiving the EM signals, which means that the same antenna works as
a transmitter and receiver at the same time. However in some other circumstances, GPR
instruments that have both transmitting and receiving antennae housed or shielded within
the same instrument are normally considered monostatic because they are coincident and
cannot be separated (Cardimona, 2002).

24

Figure 2.3 This Figure Shows GPR Data Acquisition and the Resulting Radar
Reflection Profile (This Has Been Modified from Neal and Roberts 2000).
2.4. DATA COLLECTION
During the surveying process antennae can either be dragged along the ground at
horizontal distances and recorded on a time-base (which might be repeated to a distancebase through manual marking), or the antennae can be moved via gradual progression and
are fastened at horizontal intervals, also called step-mode. The step-mode procedure
generates additional coherence and provides better amplitude reflections because the
antennae remain still throughout entire information acquisition process. This allows more
consistent coupling between antennae and the ground, with the added benefit of better
trace stacking (Annan and Davis, 1992). As data is recorded during surveying,
horizontally sequential reflection traces build up a radar reflection profile.
Each trace results from the GPR system emitting a short pulse of electromagnetic
energy, typically in the MHz range, that is transmitted into the ground. As the
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electromagnetic wave propagates downward, it experiences materials of differing
electrical properties, which alter its velocity. If the velocity changes suddenly, with
respect to the dominant radar wavelength, then a portion of the energy will be reflected
back to the surface, and the reflected signal is discovered by the receiving antennae. If the
system only has one antenna, then that antenna must switch rapidly from transmission to
reception.
The time between transmission, reflection, and reception is referred to as two-way
travel time (TWT) and is measured in nanoseconds (10-9 s). Reflector TWT is caused by
its depth, the space between the antennae (in systems that have two antennae), and the
average radar-wave rate within the superjacent material. Subsurface discontinuity
reflections aren't the sole signals recorded on radio detections and radar traces. The
airwave is the pulse that arrives first (as demonstrated in Figure. 2.4) which travels from
the transmitting antenna to the receiving antenna at the speed of light (0.2998 m ns -1).
The second arrival is the ground wave, which travels directly through the ground between
the transmitting and receiving antennae. The air and ground waves mask any primary
reflections in the upper part of a radar reflection profile. Lateral waves can also be
present as shown in Figure. 2.5, and result from shallow reflections that approach the
surface at the appropriate critical angle and are subsequently refracted along the airground interface (Clough, 1976). It should be noted that reflections associated with lateral
waves are not correctly placed in time (depth), with respect to the interface that generated
them. With the aid of professional software such as RADAN software, a computer can be
used for GPR data visualization and storage, editing, processing, and printing hardcopies.
Most sedimentological studies utilize common, offset, 2-D radar reflection profiles to
characterize the subsurface.
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Figure 2.4 This Figure Shows the Travel Paths of Different GPR Wave Types in a TwoLayer Soil Sample with Different Relative Permittivities.

Figure 2.5 This is a Radar reflection Profile Resulting from Sequential Plotting of
Individual Traces from Adjacent Survey Points. The Position of the Airwave, Ground
Wave, and Primary Reflections are Indicated. (This Has Been Modified from Neal and
Roberts 2000).
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2.4.1. Reflection Coefficient. The amplitude of the reflected GPR waves from
subsurface targets is mainly influenced by the degree of contrasts in the dielectric
constant, electrical conductivity, and magnetic permeability (Gregoire, 2001). As shown
in Figure 2.6, the amount of EM energy reflected from an interface between two adjacent
subsurface layers increases as the contrast between the values of dielectric permittivity of
the two media increases (Conyers, 1997). The reflected EM rays are recorded on the GPR
antennae receiver and plotted as a trace of time which is associated with the depth and
survey position (Dezelic, 2004).

Figure 2.6 Normal Incidents, Reflected and Transmitted GPR Pulse Related to their
Amplitudes through Two Different Subsurface Media Using a Monostatic Antenna.
2.4.2. Depth Calculation. Calculation of the reflection coefficient is simple when
the dielectric permittivity (constant) increases or decreases across the interfaces (i.e., less
than one-quarter of the wave length) (Baker et al., 2007). The velocity is inversely
proportional to the dielectric permittivity of the medium; therefore the reflection
coefficient (R) can also be calculated by using the dielectric permittivity, (Reynolds,
1997).
R = (√

-√

)/ (√

+√

Where
– the dielectric permittivity of layer 1
– the dielectric permittivity of layer 2

)

Equation 2. 4
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2.4.3. Estimation of Target Depth. To convert the amount of time it takes for the
GPR signals to travel through the subsurface material and return back to the GPR system
on the surface into a depth scale, calculating the velocity of the GPR signals is essentially
required (Anderson, 2010; and Sucre et al., 2011).
Several methods are available to determine the velocity of the GPR signals, and
then to estimate the target depth. These methods usually include calibrating a target of
known depth, measuring the dielectric permittivity in the laboratory, and calibrating the
common midpoint (Goodman et al., 2009; Sucre et al., 2011). Assuming there is a perfect
dielectric medium, the arrival time can be converted into depth using Equation (2.5)
(Morey, 1974). Antennae choice determines how deeply you are able to penetrate and the
minimum size of the targets that you are able to see. Lower frequency antennae can see
targets that are very deep, but the minimum target size that they can see is still fairly
large. Rather than focusing on what each antenna can see, the table below (Table 2.3)
provides a quick guide to frequency selection based on the assumption that the spatial
resolution required is about 25% of the target’s depth.
V = 2d / t

Equation
(2.5)

Then, depth to any discontinuity within that material can be estimated where
d = (V * t)/2
Or when the relative dielectric permittivity is known, the depth will be:
1.5.1. d = (0.15 * t) / (ε) ½

Equation (2.6)

Where
d = the depth to the target (m).
v = the velocity of EM wave in a media (m/ns), and
t = the two-way travel time (ns).

2.4.4. Attenuation or Energy Loss. The magnitude of the GPR energy
diminishes as a function of the distance traveled due to several factors including
geometric spreading, partial reflection, and absorption. Attenuation is the loss or
dissipation of energy as radio waves travel from the source through the subsurface. This
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is analogous to the loss of cell phone signal when driving through a tunnel and it is
dependent on the nature and thickness of the overburden on the tunnel. The signal
detected by the receiver undergoes numerous losses during its transmission (Geophysical
Survey Systems, Inc, 2006). Therefore, typical 100-200 MHz antennae, which were used
in this research, have a significant content of frequencies as low as 50-100 MHz and as
high as 200-400 MHz. The characteristics of the antennae determine the center frequency
of the EM wave, and the associated bandwidth is determined by the pulse width.
Accordingly, the antenna of 400 MHz has a center frequency of 400 MHz and the
bandwidth is approximately equal to the impulse GPR center frequency (Koppenjan,
2009).
Sound intensity decreases as the sound moves away from the source because the
realm that the sound energy covers is growing larger. Geometric spreading is a term used
to describe this occurrence. Geometric spreading plays a powerful role in sound
propagation, and it is separate from the frequency.
Geometric spreading occurs as the EM energy propagates away from the
transmitter, resulting in the weakening of the radar signal. Although the radius increases
further from the source, the energy output does not increase. Therefore, the energy per
unit of area reduced with time. It should be noted that materials that are not clay, but that
are close to the same size as clay (i.e., fresh glacial rock flour) and do not lose signal at
the same rate that it is lost in actual clay. It is false to say that clay-sized materials
strongly attenuate GPR signal. It is the fraction of the clay that is present that is
important.
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Table 2.3 The Antennae Center Frequency as a Function of the Exploration Depth (GSSI
SIR-3000 User’s Manual, 2006).

2.5. GPR DATA ACQUISITION MODES (GPR FIELD SURVEY METHODS)
There are four commonly used GPR data acquisition modes. These four replicate
the information acquisition modes that are usually observed in unstable exploration.
• Continuous common offset profiling (GPR reflection Profiling);
• Common midpoint sounding (CMP)
• Radar tomography (trans-illumination, transmission) mode.
• Common source sounding or wide-angle reflection and refraction (WARR).
Each of these modes has specific instrumentation particularities and different
methodologies of data processing and interpretation, and are adapted to certain target
objects and environmental settings.
2.5.1. Continuous Common Offset Profiling Mode. This method is used most
often in the practice of GPR survey because it provides for the acquisition of very small
horizontal samplings with good resolution and very large data collections, in a relatively
short amount of time and requires minimum personnel effort (Cardimona, 2002; and
Kovin, 2010). In this method, the GPR data is acquired by moving a monostatic antenna
continuously, or by moving the transmitter and the receiver of the bistatic antennae
simultaneously and continuously. The transmitter and the receiver in the bistatic antennae
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are kept at a fixed distance apart so the antennae separation is held constant for the
common offset profiling, the fixed offset, and the GPR survey line over the surface of the
ground as illustrated in Figure 2.7 (Cardimona, 2002; Reynolds, 1997; and Kovin, 2010).
Interpretation of the data of this method requires providing GPR wave velocity
information from other sources such as the WARR method or the CMP method, or it can
be retrieved from the analysis of the diffraction hyperbolas if available (Reynolds, 1997;
and Kovin, 2010). The continuous common offset configurations for both monostatic and
bistatic GPR antennae types are also helpful in interpreting this data.

Figure 2.7 A shielded monostatic GPR Antenna is towed along a Survey Line on a Study
Area of Interest, and the Data is Interpreted to Contain Normal Incidence Reflection
Signals (Cardimona, 2002).
2.5.2. Wide-Angle Reflection and Refraction (WARR) Profiling (Common
Source Profiling). Only bistatic GPR antennae can be used in this method where the
transmitter antenna is kept at a fixed location or position while the receiver antenna is
towed away at uniformly increasing offsets. Figure 2.8 interprets how this method is
conducted, and why it is called wide-angle refraction and refraction survey profiling,
where the reflection angle of EM waves from specific subsurface interfaces will increase
as long as the receiver antenna is towed away from the transmitter antenna. This method
of GPR surveying is generally used to determine the velocity, and is also known as step
mode data collecting because each GPR data trace is recorded after stopping at each
observation station.
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The location of a WARR survey line should be over an area where the principal
reflectors are either planar and horizontal or dipping only at very small angles. It also
requires assuming that the properties of the subsurface materials are uniform and that the
reflector’s characteristics are the same along the GPR survey line. However, this
assumption may not be true in all cases, which may produce erroneous results. To avoid
making such assumptions and producing these results, a good alternative and preferable
deployment for the same analysis is common midpoint profiling (CMP), which will be
explained in the next section (Reynolds, 1997).

2.5.3. Common Midpoint Profiling (CMP). In this method of GPR surveying as
shown in Figure 2.9, bistatic GPR antennae are most often used. Both the transmitter and
receiver antennae are progressively moved away from each other, collecting data at each
new offset distance, but the midpoint between the two antennae stays at a fixed location,
and thus, a real consistency of depth is not a requirement. This method is also related to
the step mode, along with the WARR mode, but it is more accurate and it is more
frequently preferred (Cardimona, 2002, and Kovin, 2010).

Figure 2.8 This is a Simplified Sketch of the WARR Method, or Common Source Survey
Profiling Method, Using Only Bistatic GPR Antennae Where the Transmitter Antenna
(Tx) is Fixed While the Receiver Antenna (Rx) is Towed Away so the Offset Distance
Increases (Kovin, 2010).
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Figure 2.9 This Shows the Common Midpoint GPR Survey Method Using Bistatic
Antennae and the CMP Sound Data Acquisition Configuration. Here, the Transmitter and
Receiver Antennae are Moved Away to keep the same Position of Reflection Point
(Kovin, 2010).
2.5.4. GPR Field Survey Method. GPR instruments can be used on the ground’s
surface or in Core holes. The antennae with operating frequencies of 100 and 200 MHz
have been chosen for measurements of the resolution and the penetrating depth thickness
of the silica sand deposits. Only a surface GPR system was used in this research. The
GPR system which was effectively used on the ground surface, in terms of resolution and
penetration of depths, was the Subsurface Interface Radar (SIR-3000) model
manufactured by Geophysical Survey Systems, Inc. (GSSI) shielded antenna. Studies
were conducted at twenty-seven sites as shown as Figures 2.10, and 2.11. The ground
penetrating radar data was collected perpendicularly near the site of previous core holes
in the direction of northeast to northwest. A total of 1620 lineal m of ground penetrating
radar (GPR) data were collected across the tape that was stretched 30 meters for each
one.
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Figure 2.10 The Ground Penetrating Radar Data was Collected Perpendicularly near the
Location of Previous Core Holes.

Figure 2.11 100 MHz – Shielded Antenna (A), and 200 MHz (B) - Shielded Antennae
were used for Shallow Subsurface Applications.
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Figure 2.11 100 MHz – Shielded Antenna (A), and 200 MHz (B) - Shielded Antennae
were used for Shallow Subsurface Applications. (cont.)
2.6. GPR DATA PROCESSING, ANALYSIS, AND INTERPRETATION
The GPR data is recorded digitally and requires extensive post-acquisition
processing, which can be done either in the field or in the office. There are many different
GPR processing and analysis techniques (Cassidy, 2009a). However, the core point is
that the quality of the acquired GPR data is good.
The main purpose of GPR data processing is to make the interpretation easier and
more accurate which is achieved by improving the raw-data quality. Many users can
interpret directly from the monitor display of the GPR system units, however, the
dynamic range of the information produced on the screen is about 10-20 dB, while the
dynamic range of a GPR system is at least 60 dB. This means that only a small
component of the available information is presented on the screen (Cassidy, 2009a).
Consequently, the goal of GPR data processing, advanced signal processing, is to
extract more information that can help to characterize the nature and the physical and
geometrical properties of the target rather than just to help the user to see something on
the screen or on the radargram. The degree of GPR data processing is determined by
many factors. These factors include the available budget, the quality of the required and
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acquired data, the available software and available time, the experience of the operator,
the structural and physical details, and the geometrical characteristics of the target
(Cassidy, 2009a & 2009b; and Reynolds, 1997). A RADANTM (Radar Data Analyzer)
software package, which is produced by Geophysical Survey Systems Inc. (GSSI), was
mainly and effectively used for GPR data processing in this research.

2.6.1. Filtering. After position correction (zero or time-offset correction), the step
for acquired GPR data, it is normal (in the GPR data processing technique) to filter the
data. The main goal of the GPR data filter technique is to focus on the radiogram image
and to improve the visual quality of the data (Cassidy, 2009b). For many applications, it
is sufficient to locate the subsurface features. It is usually possible to set both high-pass
and low-pass filters (de-wow filtering method) to remove instrumentation noise from the
data, and thus sharpen the signal waveform at the time of survey (Reynolds, 1997;
Annan, 2009). Furthermore, it is advisable to keep the filter setting as broadband as
possible to avoid, or minimize the potential of, excluding any valuable data. It is far
cheaper to filter broadband data after the field work has been completed than to realize
that the data quality has been compromised by the use of filter settings which are too
harsh, thereby necessitating a repeat of the field work (Reynolds, 1997).

2.6.2. Deconvolution. When the time-domain GPR pulse propagates in the
subsurface, convolution is the physical process that describes how the propagating
wavelet interacts with the earth filter (the reflection and transmission response below the
surface). Deconvolution is helpful in using inverse filtering operations that attempt to
remove the effects of the source wavelet in order to better interpret GPR profiles as
images of the earth structure. Deconvolution operators can degrade GPR images when
the source signature is not known.
Deconvolution operators are designed under the assumption that the propagating
source wavelet is in a minimum phase (i.e., most of its energy is associated with early
times in the wavelet). This assumption is not necessarily true for GPR signals. With GPR,
the bottom becomes part of the antennae, and the source pulse can vary from trace-totrace and is not necessarily in a minimum phase. All filtering operations borrowed from
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seismic data processing must be applied with care as some of the underlying assumptions
for elastic waves generated at the surface of the earth are not valid or are different for
electromagnetic waves.

2.6.3. Time Gain. GPR signals are very rapidly attenuated as they propagate into
the ground. Signals from greater depths are very small when compared to signals from
shallower depths. Simultaneous display of these signals requires conditioning before
visual display. Equalizing amplitudes by applying a time-dependent gain function
compensates for the rapid fall off in radar signals from deeper depths. Such time-varying
amplification is referred to as time gain and range gain when manipulating GPR data
(Annan, 2009). A low-attenuation environment may permit exploration to depths of tens
of meters; while in high-attenuation environments, penetration depth can be less than 1
meter (Annan, 2009).

2.7. DATA INTERPRETATION
If the subsurface of the earth was entirely homogeneous, the GPR system would
not record any reflections, but since the earth is heterogeneous there is radar reflection
data to interpret. We associate microwave radar reflections with changes in the dielectric
constant, which are associated with physical and chemical properties such as changes in
sand or rock bedding, buried man-made objects, geologic intrusive, void space, fractures,
material type, and moisture content. A rise in wet content dramatically reduces the
radiolocation propagation speed, which increases the insulator constant. The typical
insulator constant is frequently proportional to the water saturation of the sand/rock
within the subsurface.
When the propagating source pulse passes through the heterogeneous earth,
reflections are sent back to the surface where the receiving antennae record a scaled
version of the source wavelet. This scaling explains the reflection coefficient that may be
performing from the dielectric coefficient, which describes the inhomogeneity
encountered by the traveling wave. The deeper the homogeneity, the longer it takes for
the scattered energy to travel back to the surface. Thus, once the antennae measurements
are planned with relevance to time, the data within the signal at later times is related to
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larger depths. As the survey progressed, a ground penetrating radar (GPR) survey was
conducted at twenty-seven sites at Al-Mulayh Dawmat, Al Jandal silica sand deposit. The
study area was divided into two zones, as shown in Figure 2.12. The survey was applied
using two different transmitter source frequencies, 200 and 100 MHz, based on the
expected increase in the depth of penetration with the decreasing dominant frequency.
The profiles were distributed along the site of Zone (A) where fourteen profiles were
carried out at the western area of the Hail-Dawmat Al, Jandal Qurayat highway (N
29°28’ 54.6” and E 39° 53’ 48.4”), and thirteen profiles were carried out at the eastern
area of the Qurayat highway (N 29° 27’ 27.2” and E 39° 59’ 40.1”) at Zone (B).
Data is collected with respect to the profile distance, and measurements in each
recording (trace) are associated with the depth below the surface. During this method, the
GPR information represents a picture of the subsurface structure. The microwave radar
propagation velocity is correlative to the root of the material constant. With a good
estimate of the propagation velocity, images with respect to travel time (two-way travel
time down and the time needed to return to the surface) can be transformed directly to
images with respect to depth. Propagation velocities can be estimated with bistatic CMP
GPR data alone; however, for monostatic information, to end up with the most accurate
values, some type of ground truth needs to be used to correlate the GPR time information
with the depth. Once this is done, the electromagnetic propagation velocity can be
calculated.
The analyzed data displays examples of the velocity analysis of the radargram
obtained along with average thicknesses ranging from 8 to 22 meters. Synthetic
hyperbolas with a velocity and the corresponding 2-D ground model for each of the sites
were collected along the same survey line over homogeneous silica sand and sand with
gravel. The increased shallow resolution for the higher frequencies, offset by the
shallower depth of penetration is evident. The recording time of the two windows in each
survey of this study show the number of layers and the depth based on the expected
increase, exhaustive of penetration with decreasing dominant frequency. Though
measurements were recorded for more than 8 meters with the 200MHz source, there is no
coherent signal within the deeper portion of the image. Similarly, for the 100MHz, source
though information was collected beyond 20-22 meters, there is no rational signal from
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depths related to those times. However, the higher frequencies in the 200MHz image
offer the best vertical resolution. The 100MHz image has an intermediate resolution.
A qualitative interpretation of GPR profiles is fairly straightforward, because the
data is displayed in a cross-section. Sand and/or rock structures vary as a function of the
survey position and relative depth is readily seen. In addition, bound GPR signatures
relate to specific underground targets:
• Attenuation associated with conductive regions (such as clays with raised
saturation).
• Reflection strength variations could relate to modifications in conduction.
• Diffractions from purpose scatterers.
• Distinct natural layering in contrast to chaotic in-filled trenches or
archaeological site areas.
Ground truth is critical for helping to determine electromagnetic wave velocities
for time-to-depth conversion. Ground truth is also important for correlating GPR
signatures with specific underground targets for a given survey. There are two major
factors that may cause issues when interpreting GPR data: the presence of clay minerals
and very inhomogeneous materials.
The survey area was found to be very transparent to GPR signals, and exploration
depths in excess of 20 meters were achieved in most of the area. The broad area cover
with GPR allowed a clear understanding of the sandy plain area structure. Ground truth
for the GPR interpretations was obtained from samples representing a total number of
twenty-seven core holes.
Two strong reflectors were observed over the area and these were interpreted to
be major bounding surfaces. The first major reflector the chemical analysis of the core
holes confirmed of the subsurface that the deposits of the Silica sand. This strong
reflector results from a contrast in the electrical impedance between the silica sand and
the quartz-rich sand (SiO2) content of 97 percent, iron oxide 0.2 percent, and alumina 1.4
percent.
The second major reflector occurs at the boundary between the layers in the sandy
plain area, the outcrops mainly consist of white quartz sand white, and greenish and
yellowish sandstone layers. Thus, randomly distributed particle size distributions are
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composed of fine to medium and coarse grained sandstone, within the sandstone
sequence, with apparent and frequent graded bedding horizons that indicate multisedimentary cycles. Also, joints and fractures without filling materials. However,
showing the sandstone stratigraphy displayed in the radar images of Figures 2.13 ~ 2.20,
and Tables 2.3 ~ 2.7, correlate with the core holes profiles. However, the higher
frequencies in the 200 MHz image offer the best vertical resolution with a depth of less,
and the 100MHz image has intermediate resolution with the best depth to achieve the
purpose of the study.

2.8. RESULTS AND DISCUSSION
This study demonstrates the value of GPR for silica sand exploration. Some key
features of this study are as follows:
From the interpretation standpoint, accurate interpretation of GPR data is
dependent on the nature and appropriateness of data processing. Steps are not treated as
geological cross sections, but are interpreted in the context of the local geology and
ground-truth with core holes data.
The variation in sediment content often relates to both changes in sediment
porosity and permeability, which in turn is dependent on changes in grain size and fabric
often associated with lamination, cross-bedding, and bounding surfaces. Emmett et al
(1971) observed that porosity and permeability, when parallel to the cross-bed laminate,
are higher than when they are perpendicular to the laminate.
The results of the GPR surveys are very good, with good depths of penetration
and high resolution, especially, the longer wavelengths of the low frequency antennas
(100 MHz). These achieved depths of penetration to around 20 meters, while the high
frequency antennas (200 MHz) cannot achieve the target depth in the sense that it only
penetrates to around 8 meters.
At the increase in the depth of penetration (Top of Sandstone was not Images)
Surfer8 was used to create a contour map for the depths, from the surface to maximum,
and minimum depth, as shown in Figures 2.21 near the sites of previous core control.
Ground penetrating radar (GPR) survey depths for each layer were calculated from the
analyzed data. The results of this survey are summarized in Table 2.8.
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Study Area

JSSD-5

JSSD-16
JSSD-22

JSSD-8

Figure 2.12 Map showing the Location of the Core Holes and the GPR Surveys of the
Low Frequency Antennas (100 - 200 MHz) at the Silica Sand Deposits in Al-Mulayh
Dawmat Al Jandal, Saudi Arabia.
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2.8.1. This is a georadar cross section; the bistatic antennae had a nominal
dominant frequency of 100-200 MHz along profile JSSD-5.

Line1

Line2

Figure 2.13 Radar profile Images Along the same Survey Line for an Antennae
Frequency of 100MHz (2-D Line 1, 2).
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Table 2.4 Log of Vertical Section Summarizing the Core Hole Observations (Image
Taken from SGS-TR-2011).
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Line1

Line2

Figure 2.14 Radar profile Images Along the same Survey Line for an Antennae
Frequency of 100MHz (2-D Line 1, 2).
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2.8.2. This is a georadar cross section; the bistatic antennae had a nominal
dominant frequency of 100-200 MHz along profile JSSD-8.

Line1

Line2

Figure 2.15 Radar profile Images Along the same Survey Line for an Antennae
Frequency of 100MHz (2-D Line 1, 2).
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Table 2.5 Log of Vertical Section Summarizing the Core Hole Observations (Image
Taken from SGS-TR-2011).
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Line1

Line2

Figure 2.16 Radar profile Images Along the same Survey Line for an Antennae
Frequency of 100MHz (2-D Line 1, 2).
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2.8.3 This is a georadar cross section; the bistatic antennae had a nominal
dominant frequency of 100-200 MHz along profile JSSD-16.

Line1

Line2

Figure 2.17 Radar profile Images Along the same Survey Line for an Antennae
Frequency of 100MHz (2-D Line 1, 2).
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Table 2.6 Log of Vertical Section Summarizing the Core Hole Observations (Image
Taken from SGS-TR-2011).
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Line1

Line2

Figure 2.18 Radar profile Images Along the same Survey Line for an Antennae
Frequency of 100MHz (2-D Line 1, 2).
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2.8.4 This is a georadar cross section; the bistatic antennae had a nominal
dominant frequency of 100-200 MHz along profile JSSD-22.

Line1

Line2

Figure 2.19 Radar profile Images Along the same Survey Line for an Antennae
Frequency of 100MHz (2-D Line 1, 2).
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Table 2.7 Log of Vertical Section Summarizing the Core Hole Observations (Image
Taken from SGS-TR-2011).
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Line1

Line2

Figure 2.20 Radar profile Images Along the same Survey Line for an Antennae
Frequency of 100MHz (2-D Line 1, 2).
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Table 2.8 Antennae Center Frequency as a Function of Exploration Depth of Ground
Penetration Radar (GPR).
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Figure 2.21 The Surface Plot Shows the Thickness of Each Layer of the Earth Model, an
Antennae Frequency of 100MHz (3-D Line1, 2). A is the Surface Plot of the Upper
Layer, and B is the Surface Plot of the Lower Layer.
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2.9. CONCLUSIONS AND RECOMMENDATIONS
The quality of GPR results obtained in the sedimentary rock environments reflect
both the lithological nature of its sediments and the geometrical relationship, together
with the care applied to the methodology for data acquisition, processing, and
interpretation.
Actually the results show that it is possible to obtain recognition of stratigraphy or
stratification of the area, as well as mapping for the thin layers.
A general, good correlation between the radar and the geological section was
obtained. The EM wave velocity measurements were very useful for the interpretation
and characterization of the lithologies, especially in the results obtained from the lower
frequency using the 100 MHz shielded GPR antenna, which only clearly displays the
subsurface layered sands to depths of 20 meters. Thus, it was able to recognize areas of a
succession of silica sand, sand layers, and places that are made up of areas with no
obvious surface layer.
With regard to the GPR method, it can be concluded that it gives clearly
interpreted results when the lithological units are well stratified, and it presents sharp
contrasts of the electromagnetic properties. GPR provides, through the EM velocity
analysis, the solution to the evolution of stratification in the first 2 – 3 meters of depth to
estimate the thickness of the layers. Detailed structural interpretation can be important
for applications (geological mapping and underground mining) that determine the depth
in the shallow subsurface. Obviously, the area where the geological layering was
investigated is characterized by lithological homogeneity with indistinct stratification
surfaces, and this contrasts with weak electromagnetic fields. Thus, the results of the
GPR method are not easily evaluated in the absence of outcrops that allow for the
calibration of this method.
Consequently, the top of the bedrock in the study areas could not be mapped
using this technique.
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3. MULTICHANNEL ANALYSIS OF SURFACE WAVES (MASW) SURVEY TO
DELINEATE DEPTH-TO-BEDROCK AND AN ESTIMATION OF MINERAL
EXPLORATION

3.1. INTRODUCTION
“Multichannel Analysis of Surface Waves (MASW) is a relatively new
geophysical method that was introduced to the industry by the Kansas Geological Survey
at the turn of this century. It applies the relationship between surface waves and Shear
waves to ultimately generate a shear wave velocity profile of the subsurface. It has been
commonly applied in mining exploration to determine the depths and thicknesses of the
geological strata at a potential mine site. It may also be applied on much smaller scales in
the transportation industry to identify damaged areas on asphalt or concrete pavements
with high resolution” [Anderson, 2010].
MASW depends on information from the propagation of surface waves to define
the subsurface distribution of elastic properties. Since surface waves are dispersive in
nature, different wavelengths will penetrate to different depths and phase-velocity
becomes a function of frequency. Consequently, dispersion analysis was effectively
performed in the frequency-slowness domain using Park’s method (Park et al., 1999).
The shear wave velocity varies with depths along the survey lines that are then recovered
from inversion of the dispersion curves, which were picked from the phase velocity
spectra, thereby estimating the subsurface properties across as accurate and effective. It
provides a deeper and larger coverage for imaging the subsurface, and for accurately
estimating the shear wave velocity of structures more quickly through two-dimensional
(1-D, 2-D) tomography of soil layers at depths that are less than or equal to 30 meters.
The measurement of shear wave velocity is beneficial for analyzing variations in
subsurface stiffness (Park et al. 2003). Small strain parameters of subsurface materials
can be studied by evaluating changes in stress. The multichannel analysis of surface
waves (MASW) is a non-destructive seismic method which analyzes the dispersion
properties of Rayleigh surface waves that are travelling horizontally (Park et al. 2003).
The multichannel analysis of surface waves (MASW) is an excellent alternative to
the conventional reflection/refraction methods for providing shear wave velocity
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information in a 1-D or 2-D fashion. The method was first introduced into the
geotechnical and geophysical community in early 1999 (Park et al., 1999). The
multichannel analysis of surface waves utilizes the dispersive Rayleigh-type surface wave
that travels parallel to the ground at a depth of approximately one wavelength, and it
represents about two thirds of seismic energy imparted into the ground from a surface
seismic source. It is superior to most of the other geophysical methods for its easy field
acquisition, processing, and insensitivity to cultural noise.
In this study, the Multichannel Analysis of Surface Waves (MASW) reviewed a
technique which uses these surface waves for defining subsurface layering, measuring
thickness, and for following the layers of the silica sand deposits to the bedrock at
Dawmat Al Jandal, Al Jawf of Saudi Arabia. Twenty-seven surface waves, S-wave
profiles, were conducted at this studied area.
There were two primary objectives. The first was to determine if the MASW
shear wave velocities were reliable, and the second was to determine if the depth to the
acoustic bedrock could be accurately estimated on the basis of the interpreted MASW
profile.
There are similar methods that have been employed by geophysicists for some
time, but the MASW method has surpassed its counterparts by giving increasingly more
accurate and detailed information to help interpret images of the subsurface more easily.

3.2. WAVE MOTION
The spectral analysis of surface waves (MASW) is based on the relationship
between Rayleigh wave phase velocities and the depth-range of associated particle
motion. More specifically, in this technique phase velocities are calculated for each
component frequency of the field-recorded Rayleigh waves. The resultant dispersion
curve (phase velocity vs. frequency) is inverted using a least–squares approach, and a
vertical shear wave velocity profile is generated (Miller et al., 2000; Nazarian et al.,
1983; Stokoe et al., 1994; Park et. al., 1999a, 1999b, 2000; Xia et al., 1999).
Surface waves are inherently dispersive, meaning that the amplitude of the surface
wave decreases with depth and distance away from the source. Given the dispersive
characteristics, it is understood that surface waves travel exclusively within near-surface
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soils. This depth is estimated to be within approximately one surface wavelength of the
Earth’s surface (Steeples 1998).
Rayleigh waves have unique properties that allow them to be transformed into
near-surface shear wave velocity profiles [Surf-Seis, 2006]. The speed of Rayleigh waves
is mostly a function of the shear wave velocity of the medium through which they are
propagating (Rayleigh Wave, 2010). In seismology, Rayleigh waves, also called "ground
rolls", are the most important type of surface waves. Engineers transform Rayleigh wave
phase velocities into shear wave velocity profiles of the subsurface with simple
conversion calculations, as shown in Figure 3.1.

Figure 3.1 This Figure Shows Particle Motions Associated with Rayleigh Waves.

3.2.1. Raleigh Wave Equation. Rayleigh waves propagate along the free surface
of the earth, with particle motions that decay exponentially with depth (Figure 3). The
lower component frequencies of Rayleigh waves involve particle motions at greater
depths. In a homogeneous (non-dispersive) medium, Rayleigh wave phase velocities are
constant. Rayleigh wave phase velocities are a function of both the shear wave and the
compression wave velocities of the subsurface. The interrelationships between Rayleigh
wave velocities (VR), shear wave velocities (β), and compression wave velocities (α) in a
uniform medium are expressed in Equation 3.1 (Anderson, 2010):
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VR6 - 8β2VR4 + (24 - 16β2 /α2) β4VR2 + 16(β2/α2 – 1) β6 = 0

Equation 3.1

Where:
VR is the Rayleigh wave velocity within the uniform medium
β is the shear wave velocity within the uniform medium (also denoted Vs)
α is the compressional wave velocity within the uniform medium (also denoted
Vp)
Although the Raleigh wave phase velocity is a function of both compressional (α)
and shear wave (β) velocities, it is much more sensitive to variations in β than in α in
Equation 3.2.

VR< β < α

Equation

3.2

Lower frequencies involve particle motion at greater depths, causing VR to also vary
with frequency.
Equation 3.1 might initially suggest that it would be difficult to extract the shear
wave velocity because the equation contains two unknowns (shear and compression wave
velocities). Fortunately, this is not the case because Rayleigh wave phase velocities are
influenced much less by changes in compression wave velocity than by changes in shear
wave velocity. Rayleigh wave velocity (VR) and shear wave velocity (β) in a uniform
medium are related by Equation 3.3 (Anderson, 2010):
β = VR/C

Equation 3.3

The variable C is a constant that changes slightly depending on the Poisson’s ratio
of the material through which the seismic waves travel. Even in extreme variations of
Poisson’s ratio, C only ranges from 0.874 to 0.955 (Anderson, 2010). If a value for C
assumed and the frequencies (with their respective surface wave velocities) are recorded,
then a shear wave velocity profile can be developed through analysis, and a velocity
image of the subsurface can be generated [Anderson, 2010].
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Rayleigh wave velocities, as noted in Equation 3.1, are a function of both the
shear wave velocity and the compressional wave velocity of the subsurface.

In a heterogeneous earth, shear wave and compressional wave velocities vary with
depth. Hence, the different component frequencies of Rayleigh waves (involving particle
motion over different depth ranges) exhibit different phase velocities (Bullen, 1963). The
phase velocity of each component’s frequency is a function of the variable body wave
velocities over the vertical depth range associated with that specific wavelength. More
specifically, in a layered earth, the Rayleigh wave phase velocity equation takes the
following form:

VR (fj, CRj, β, α, ρ, h) = 0 (j = 1, 2, …., m)

Equation 3.4

Where:
fj is the frequency in Hz
VRj is the Rayleigh-wave phase velocity at frequency fj
β = (β1, β2,….., βn)T is the s-wave velocity vector
βi is the shear wave velocity of the ith layer
α = (α1, α2, ….., αn)T is the compressional p-wave velocity vector
αi is the P-wave velocity of the ith layer
ρ = (ρ1, ρ2,…., ρn) T is the density vector
ρi is the density of the ith layer
h = (h1, h2,…., hn-1)T is the thickness vector
hi the thickness of the ith layer
n is the number of layers within the earth model
The velocity of Rayleigh Wave is comparable to the velocity of shear waves. In a
rock formation with a Poisson’s Ratio of approximately 0.25, the velocity of the Rayleigh
wave is approximately 92 percent of the velocity of the shear wave. In materials with
ratios from 0.4 to 0.5, the percentage increases to 94 to 95.5 percent, respectively
(Steeples 1998). As a general rule, the velocities of Rayleigh waves are assumed to be
approximately 90 to 92 percent of the respective shear wave (Ivanov, Park and Xia 2009,
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Parasnis 1997). The shear wave velocity can be estimated within a ten percent margin of
error using these assumptions (United States Corps of Engineers 1995).

3.2.2. Performance of MASW Testing. Evaluations using MASW can be
completed in three steps. First, the multiple seismic records must be recorded during field
testing. Secondly, each seismic record is processed and inverted into individual, onedimensional, shear wave profiles. The final step involves combining individual profiles,
through interpolation, into a single tomography image representing subsurface shear
wave characteristics (Ivanov, Park and Xia 2009).

3.2.2.1. Equipment. The equipment required to conduct MASW analyses is
comprised of five elements: a seismic source, a triggering device, receivers, transmitting
cables, and a multichannel seismograph.

3.2.2.1.1 Seismic source. A seismic source is used to transfer energy to the
ground for the purpose of inducing seismic wave activity. In practice, a source can be an
impact force applied to the ground by a hammer or falling weight, a small scale explosion
detonated within the subsurface, or a mechanical vibratory device. However, for surveys
requiring a higher degree of energy transfer, the sources need to provide a signal with a
constant frequency and the selection of a seismic source should be based on the signal
requirements of the survey, the cost, and the relative safety (Kearey, Brooks and Hill
2002).

3.2.2.1.2. Trigger mechanism. The triggering mechanism is needed to signal the
seismography and synchronize the time with the arrival of the transmitted surface wave.
However, in practice it is understood that there is a small lag between the actual strike
event and the time for which the signal is transmitted to the seismography. Lag time can
be predetermined for a particular trigger instrument and programmed into the
seismograph for use during data acquisition (Geometrics Incorporated 2003).
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3.2.2.1.3.

Geophones.

Receivers,

or

geophones,

are

electromechanical

transducers that convert ground motion into an electrical analog signal (Pelton 2005). The
current, or signal, produced is proportional to the velocity of the oscillating coil system
through the internal magnetic core (Milson 1996). The movement of the internal core is
relative to the ground movement below the geophone, as the seismic wave(s) pass the
respective receiver (Kearey, Brooks and Hill 2002). For MASW applications, lower
frequency receivers (e.g. 2 Hz, 4.5 Hz) provide better performance due to the ability to
capture deeper transmitted signals (Ivanov, Park and Xia 2009).

3.2.2.1.4. Geophone cable. Analog electrical impulses are transmitted from the
individual geophones to the seismograph through a cable system. The cable is metallic
and transmits the signal with little resistance; however, due to the potential for “crosstalk” between the geophone cable and the trigger switch, consideration should be given
during data acquisition to maintain a sufficient distance between the two elements
(Milson 1996).

3.2.2.1.5. Seismograph. Seismographs are used to record and interpret the
transmitted signal from the geophone into a discernable trace or shot record.
Seismographs can range in complexity from simple timing instruments to
microcomputers capable of digitizing, storing, and displaying received shot records.
Multichannel seismographs allow for the acquisition of multiple independent readings.
Systems with 24 channels are common in shallow surface investigations; however,
deeper applications may utilize a greater number of channels (Milson 1996).
3.2.2.2. Requirements and field procedures. Three types of MASW methods
exist: Active, Passive Remote, and Passive Roadside. Each type of method has its
advantages and limitations, but the general idea of all three is the same [Surf-Seis, 2006].
The active method, shown in Figure 3.2, is the most common type of MASW method that
can produce a 2-D Vs profile. Consideration should be given to the geophone interval
spacing, as an increased length will improve depth and modal separation, but it will also
increase the amount of spatial averaging of the data during processing (Park 2005).
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Figure 3.2 This Figure Shows the Instrumentation used in the MASW Tomography
Survey (Park et al. 2004).
The active MASW adopts the conventional seismic refraction mode of surveying,
by using an active seismic source, such as weight drops, to achieve a depth of up to 30
meters. This can vary based on the site and the active source that is used. Waves can be
best generated in the flat ground. The maximum depth of penetration is determined by the
longest wavelength of the surface waves. The longest wavelengths that can be generated
depend on the impact power of the source. The greater the impact power, the longer the
wavelength and the greater the depth of penetration.
As shown in Figure 3.3, receivers are laid out using uniform linear spacing, and
the seismic source is located at a set distance from the first receiver in the array. The
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distance should be far enough from the first receiver to ensure that the received surface
wave signal is horizontal and of a planar nature. This condition results in a received
signal dominated by higher mode surface wave activity and possibly interference from
received body waves. Optimization of the offset source can be performed prior to the
survey by collecting trial shots at various offset distances (Ivanov, Park and Xia 2009).
The performance of the MASW method, with a faster 2-D tomography technique
for subsurface investigations, as shown in Figure 3.3, shows the acquisition of
multichannel records along a linear survey line using the roll-along mode to obtain 2-D
tomography through a conventional MASW method. During data acquisition in previous
MASW methods, a certain number of receivers (N) were linearly deployed with an even
spacing (Dx) over a distance (XT) and a seismic source was located at a certain distance
(X0) away from the first receiver. The same source-receiver configuration (SR) was
moved by a certain interval (dSR) to successively different locations to acquire more
records.

Figure 3.3 This Figure Shows MASW Data Acquisition. Critical Factors Include the Size
of the Energy Source, the Source-Receiver Offsets, and the Geophone Frequency, the
Number of Geophones, the Geophone Spacing, and the Total Array Length.
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3.2.3. Data Acquisition. The acquisition of the MASW data was relatively
straightforward as shown in Figure 3.4. Twenty-four low-frequency (4.5 Hz) vertical
geophones, placed at 1.0 meter intervals, were centered on each test location. Acoustic
energy was generated at an offset (distance to the nearest geophone) of 8.0 meters, using
an accelerated weight of up to (90.71 kg) 200 lb. The generated Rayleigh wave data was
recorded using a 24-channel signal enhancement seismograph, “Strata view” of
Geometrics Inc. USA. The acquired Rayleigh wave data was processed using the Kansas
Geologic Survey (KGS) software package SurfSeis. Analysis software, such as SurfSeis,
can process shot records and extract dispersion curves through the initial processing
sequences (Ivanov, Park and Xia 2009). Geophysical equipment and software records the
frequency and the travel time of the seismic waves traveling through the subsurface, and they
can relate the frequencies recorded to a depth (Anderson, 2010).

Figure 3.4 Field MASW Survey at Dawmat Al Jandal, Al Jawf.
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Each set of Rayleigh wave data was transformed from the time domain into the
frequency domain using Fast Fourier Transform techniques, as shown in Figure 3.5. This
field-based data was used to generate site-specific dispersion curves for each station
location.
The site-specific dispersion curves, generated from field-acquired Rayleigh wave
data, were then transformed into vertical shear wave velocity profiles. It is because the
MASW method involves the inversion of a wave that has sampled an area nearly as wide
as it is deep, that it provides a smoothed and smeared version of what really exists in the
subsurface (Xia, et al., 2001). This also will validate the assumption of the MASW in the
homogenous, layered earth model.

Figure 3.5 Dispersion Curves were generated for Each Acquired Rayleigh Wave Data
Set. A) Acquisition Seismic Time Series Data, B) Surface Wave Energy in the Frequency
Domain with the Observed Dispersion Curve was Transformed (inversion), and C) Shear
Wave Velocity VS Inversion Model, Depth Curve.
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3.2.4. Data Processing. Three steps must be performed in order to convert
recorded shot data to an estimate of shear wave velocity: the initial processing of the shot
record for the surface wave phase velocity and the frequency for the development of the
dispersion curves, identification of the fundamental mode, and the inversion of the
fundamental mode curvature into a representative shear wave profile. After the field
surveying is complete, each collected shot record is processed, and the present surface
wave signatures are highlighted. Figure 3.6 shows an example of a recorded field shot,
calculated dispersion curve, and the generated 1- D shear wave velocity curve from clean
data. The inverted 1-D shear wave velocity profiles reached an average depth of 23
meters. Interpolating and contouring a series of inline 1-D shear wave velocity profiles,
results in a 2-D shear wave velocity profile. By incorporating the existing information
into 2-D shear wave velocity profiles one is able to depict the surface of the bedrock. The
raw shot record may contain other wave forms such as refracted waves, body waves, and
sources of cultural noise. However, one of the main advantages of the MASW seismic
technique is that the strength of the utilized surface wave is much greater than the other
wave forms; therefore surface waves are more discernable in the presence of noise. In a
record presenting good signal to noise (S/N) ratio, the signal strength of the surface wave
should be evident by the linear sloping features of the dispersive wave forms. Surface
waves, on an active shot record, are often identified by the smooth sloping behavior as
the wave travels down the geophone array (Ivanov, Park and Xia 2009). This linear slope
represents the phase velocity of the particular surface wave, and can be used to transform
the shot record data into a dispersion curve, relating phase velocity to wave frequency
(Park et al. 2000).
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Figure 3.6 Procedures for the Development of 2-D Vs Map from MASW.
(http://www.masw.com).
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The inversion process for MASW is performed prior to the development of the
tomography profile. Since a unique shear wave velocity profile is generated for each shot
along the survey line, the individual profiles can be interpolated to create a single twodimensional image, representing lateral and vertical variations in the shear wave velocity.
No additional inversion is required. Interpolation can be performed by using an equal
weighting or variant weighting system (Ivanov, Park and Xia 2009).

3.2.5. Data Interpretation. Processing and analyzing each acquired multichannel
surface wave shot, showed a relatively wide frequency bandwidth reflecting an adequate
resolution within a few meters below the ground’s surface to a depth of more than 30
meters. The purpose of the evaluation was to effectively map the site, determine the depth
of the underlying sandstone stratum, and determine the thicknesses of the unconsolidated
silica sand, in addition to the MASW testing for providing image variations in
stratigraphy.
The shallow seismic refraction survey (MASW) was conducted in twenty-seven
sites at the silica sand deposit in Al-Mulayh Dawmat Al Jandal. The study area has been
divided into two zones, as shown in Figures 3.7; the survey was applied to obtain the Swave velocity. The profiles were distributed along the site of Zone A, where fourteen
profiles were carried out west of the Hail-Dawmat Al Jandal Qurayat highway (N 29°28’
54.6” and E 39° 53’ 48.4”). Thirteen profiles were carried out at Zone B, east of the
Qurayat highway (N 29° 27’ 27.2” and E 39° 59’ 40.1”).
Dispersion curve analyses were then performed for each shot gathered and
derived from the measurements at twenty-seven core holes by examining the change in
phase velocity vs. frequency, by using the fundamental mode component of the
dispersion data. Non-linear inversion modeling of each dispersion curve was performed
and resulted in a 1-D mid-point representation of Vs. Interpolation of the 1-D data using a
Kriging algorithm which produced a 2-D grid of the Vs data. Color-filled contoured
profile plots were then generated from the Vs grid. The MASW shear wave velocity
values are consistently equal to, or slightly different from, the corresponding core hole
values. Differences between the core control downhole and the MASW shear wave
velocities may be due to the fact that the MASW velocities are laterally and vertically
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averaged. Overall, both the core holes and the MASW shear wave velocities’ data
compares favorably, which gives confidence in the results of the MASW method of
acquiring the data. On average, MASW estimated that the depth to the bedrock at the
existing core holes’ locations varies from the core holes’ depths to the top of the bedrock
by ~ + 10 (20 meters). The average difference between depths is remarkably small given
the variable, the depth to the top of the bedrock, in the study area.
The identification of the acoustic top bedrock allowed the S-wave velocities for
each layer to be calculated. The results of this survey are summarized in Table 3.1,
showing the number of layers, the S-wave velocities, and the depth. 1-D Velocity models
are displayed, and they are derived from the dispersion curve, the travel time distance
curves, and the corresponding 2-D ground model for each site. They are described
(Figures 3.8 to 3.11) as being based on the “ties” between the 1-D, and 2-D MASW
profile and the limited core control (Core holes JSSD-5, JSSD-8, JSSD-16 and JSSD-22)
which was initially provided by the top of the sandstone bedrock in the study area and is
characterized by MASW shear-wave velocities that typically increase from 310 m/s to an
excess of 750 m/s over ascending vertical depths. In general, the increase in sandstone
coherence in the depths leads to increased velocities near the top of the bedrock.

72

JSSD-16
JSSD-22
JSSD-8

JSSD-5

Figure 3.7 Map Showing the Location of the Core Holes and the MASW Surveys at the
Silica Sand Deposits in Al-Mulayh Dawmat Al Jandal Saudi Arabia.

3.2.5.1. Geo-seismic cross section along profile JSSD-5. This profile is located
at Zone A, west of the Hail-Dawmat Al Jandal Qurayyat highway. Figure 3.8 shows the
depth velocity model of this profile. The interpretation of the shear wave images was
carried out to approximate them to be only one layer. The first layer (top layer) identified
with velocity (Vs) in the range of 330-400 m/s is a friable fine silica sand cover
corresponding to the average thickness of 20 to 23 meters, followed by the top of the
bedrock at 1-D, 2-D.
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A

Fundamental Mode

Higher Modes

B

Top of Sandstone

Figure 3.8. JSSD-5: (A) Dispersion Curve, (B) 1-D Shear Wave Velocity, (C) 2-D Shear
Wave Velocity Model.
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C

Top of Sandstone

Figure 3.8. JSSD-5: (A) Dispersion Curve, (B) 1-D Shear Wave Velocity, (C) 2-D Shear
Wave Velocity Model. (cont.)

3.2.5.2. Geo-seismic cross section along profile JSSD-8. This profile is located
at Zone A, west of the Hail-Dawmat Al Jandal Qurayyat highway. Figure 3.9 shows the
depth velocity model of this profile. The interpretation of the shear wave images was
carried out to approximate them to be only two layers. The first layer (top layer)
identified with velocity (Vs) in the range of 270-360 m/s and is a friable fine silica sand
cover corresponding to the average thickness ranging from 0 to 17.5 meters. The second
layer, or top of the bedrock layer, is mainly a compilation of fine friable silica sand with a
velocity (Vs) in the range of 360- 510 m/s, covering a depth of 5-6 meters. Thus, the
silica sand is a cover with a thickness of 0 to 23.75 meters, followed by the top of the
bedrock at 1-D, 2-D.
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A

Figure 3.9. JSSD-8: (A) Dispersion Curve, (B) 1-D Shear Wave Velocity, (C) 2-D Shear
Wave Velocity Model.
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B

C

Figure 3.9. JSSD-8: (A) Dispersion Curve, (B) 1-D Shear Wave Velocity, (C) 2-D Shear
Wave Velocity Model. (cont.)
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3.2.5.3. Geo-seismic cross section along profile JSSD-16. This profile is located
at Zone B, east of the Qurayat highway. Figure 3.10 shows the depth velocity model of
this profile, the interpretation of the shear wave images were carried out to approximate
them to be only two layers. The first layer (top layer) identified with velocity (Vs) in the
range of 340-430 m/s and is a friable fine silica sand cover corresponding to the average
thickness in ranges from 0 to 10 meters. The second layer, or the top of the bedrock layer,
is mainly a compilation of fine friable silica sand with a velocity (Vs) in the range of 380530 m/s, covering a depth of 6-7 meters. Thus, the silica sand is a cover to a thickness of
0 to 18 meters, followed by the top of the bedrock at 1-D, 2-D.

A

Figure 3.10. JSSD-16: (a) Dispersion Curve, (b) 1-D Shear Wave Velocity, (c) 2-D Shear
Wave Velocity Model.
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B

C

Figure 3.10. JSSD-16: (a) Dispersion Curve, (b) 1-D Shear Wave Velocity, (c) 2-D Shear
Wave Velocity Model. (cont.)
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3.2.5.4. Geo-seismic cross section along profile JSSD-22. This profile is located
at Zone B, east of the Qurayat highway. Figure 3.11 shows the depth velocity model of
this profile. The interpretation of shear wave images was carried out to approximate them
to be only two layers. The first layer (top layer) identified with velocity (Vs) in the range
of 350-420 m/s and is a friable fine silica sand cover corresponding to the average
thickness ranging from 0 to 12 meters. The second layer, or the top of the bedrock layer
is mainly a compilation of fine friable silica sand with a velocity (Vs) in the range of 420560 m/s, covering a depth of 9-10 meters. Thus, the silica sand is a cover to a thickness of
0 to 21 meters, followed by the top of the bedrock at 1-D, 2-D.

A

Figure 3.11. JSSD-22: (A) Dispersion Curve, (B) 1-D Shear Wave Velocity, (C) 2-D
Shear Wave Velocity Model.
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B

C

Figure 3.11. JSSD-22: (A) Dispersion Curve, (B) 1-D Shear Wave Velocity, (C) 2-D
Shear Wave Velocity Model. (cont.)
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3.3 RESULTS AND DISCUSSION
Although, Figures (1-D) and (2-D) show 10-layer velocity models, the
interpretation of shear wave images were carried out to approximate them to be only one
or two layers. The first layer (top layer) that identified with velocity (Vs) in the range of
320-450 m/s is friable fine silica sand with an average thickness from 4 - 23.5 meters.
White silica sand is concentrated, which constitutes the second layer, with a velocity (Vs)
in the range of 450-700 m/s, covering a depth of 16 - 35 meters, more is assumed to be
the bedrock velocity. In some locations the top of the bedrock is deeper, >30 meters, and
could not be traced. At these locations the bedrock is presumed to be greater than 30
meters, with a velocity (Vs) much greater than 700 m/s. The strong nature of the surface
wave energy may be advantageous when using a simple impact supply, followed by a
simple field supply and process. Most significantly, surface waves respond effectively to
various types of subsurface deformations that are common targets of geological
investigations. Continuous recording of multichannel surface waves shows great promise
in mapping the top of the bedrock. Cross sections are generated based on data containing
information about the horizontal and vertical continuity of materials, as shallow as a
fraction of a meter down to depths of more than 30 meters, depending on the frequency
content.

3.4. CONCLUSIONS
The MASW method is a non-invasive seismic approach to estimate shear wave
velocity profiles from the surface wave energy. This research discusses the MASW
technique for measuring subsurface shear wave velocities, and for the delineation of
liquefaction potential in
2-D.
The primary objective of this study was to verify demonstrations to establish the
assessments of MASW analysis and the results which are compared that with of core
control. The MASW velocity profile shows excellent agreement with the core holes’
measurements. The comparison of MASW-estimated bedrock depths and proximal
ground truth (core holes sites) are equal to, or slightly different from, the corresponding
core holes’ downhole values.
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This research concludes that the interpretation of the similarities between the core
control log data and the MASW shear wave velocities profiles can exist due to the
homogeneity of the subsurface structure, as well as the resolution capabilities and data
smoothing associated with each method.
Wave velocities may be due to the fact that MASW velocities are laterally and
vertically averaged. Overall, both the Core holes and the MASW shear wave velocities’
data compares favorably, which gives confidence of the MASW method. Surfer8 the 3-D
was also used to create a contour map for the elevation, from the surface to the top of the
bedrock surface as shown in Figure 3.12, near the sites of previous core holes. The
implication is that the MASW shear wave velocities are also reliable. It is recognized that
most of all of the comparative analyses are based on extrapolated “ties”.
The MASW test is non-invasive, expedient, and cost effective. It can be used to
produce a single 1-D VS profile, as well as 2-D VS profile that covers a wide range of
area.
This means that the 1-D representations of all twenty-seven sites are
approximately the same, with few variations in subsurface, which indicates a
homogeneous layer of soil. Therefore, the 2-D tomography developed in the study is able
to represent both depth and distance. The MASW software will provide high resolution
on surfaces that are not weathered, that do not possess excessive reflection areas, and that
are of uniform thickness and strength [Anderson, 2010].
The author believes also that the differences in the depth are due to the
geophysical possibilities, to penetration, or to topographic variation of the subsurface. So,
there are areas of low velocity and low density that correspond with the subsurface
structure, such as the depth of the silica sand about the top of the bedrock or sandstone.
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Table 3.1 This Table Shows the Number of Layers By Multichannel Analysis of Surface
Wave (MASW).

84

Figure 3.12. The Surface Plot Shows the Thickness of Each Layer of the Earth Model, the
3-D MASW Survey, the Surface Plot of the Upper Layer, and the Surface Plot of the
Lower Layer.
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4. SEISMIC METHODS IN MINERAL EXPLORATION OF SHALLOWSEISMIC REFRACTION TECHNIQUES

4.1. INTRODUCTION
Seismic techniques are commonly used to determine a site’s geology,
stratigraphy, rock quality, and quarries. This technique provides detailed information
about subsurface layering by measuring the thickness, following the layers to the
bedrock, discovering the lithology type, finding the lateral and vertical changes in the
lithology, and using the feature’s seismic acoustical waves. To see the subsurface, the
mineral industry employs geophysical methods, most commonly and successfully used in
mineral exploration, to delineate potential mineralized zones and to also discover
resources at shallower depths, especially for depths of less than 20 meters. If it is possible
to see clearly below a mine site and map the location or extension of the resources there,
the cost of production will decrease and the return on invested capital infrastructure
would increase. This is the main target of the mineral industry. The evaluated seismic
velocities are used in the interpretation of lithology, structural features, and rock material
quality, which is very useful for a more detailed image of the subsurface (including low
velocity zones).
The applications of seismic methods for mining purposes are widespread.
Refraction seismic technology was used to study the correlation between seismic
velocities and physical parameters of mineral deposits, and the findings were published
subsequently (Dortman and Magid, 1969; Krylov et al., 1990). However, as discoveries
of large, near-surface deposits are becoming increasingly rare and the reserves of most
economic minerals are in decline, it is clear that new deep exploration techniques, such as
seismic methods, are required to meet the future needs of the industry (Salisbury and
Snyder, 2007). The universal challenge in geophysical methods is how to achieve evergreater resolution and higher quality data in increasingly complex environments and at
greater depths. A step in meeting this challenge was recently taken by field trials of highresolution vertical seismic profiles (Pretorius et al., 2011). Eaton et al. (2003) identify six
aspects which need careful consideration when planning a seismic survey: acquisition of
high-fold data; the need to obtain high frequency data; forward seismic modeling of
mineral deposits; processing considerations with focus on refraction statics, surface-
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consistent deconvolution, and DMO corrections; physical rock property measurements;
and migration considerations (Miller et al., 1986, 1992, 1994).
This study is intended to review shallow seismic refraction, practice to define
subsurface layering, measure thickness, and follow the layers to the top of the bedrock of
the silica sand deposits at Dawmat Al Jandal, Al Jawf of Saudi Arabia. Twenty-seven
seismic refraction P-wave profiles were conducted at the study area.
The seismic compressional-wave refraction survey utilizes compressional (pwave) seismic energy that returns to the surface after travelling through the ground along
refracted ray paths. The method is normally used to locate refracting interfaces
(refractors) separating layers of different seismic velocity (Abdelnasser et al., 2010).
Seismic refraction surveying consists of field data acquisition, processing, and
interpretation. Interpretation is constrained by geologic information about the study area.
Processing is relatively straightforward if good quality data is acquired, and data
interpretation is generally relatively straightforward and reliable unless low velocity
layers and thin layers are present.
At the study sites, seismic refraction involves placing a line of sensors at 24
channels with 40 Hz vertical geophones. An offset of 3 meters with an equal 69 meters
for each length of the path was used in an attempt to define the subsurface to depths
about of 22 meters, with the goal of measuring the thickness of the silica sand and the
depth from the top of the bedrock of the sand at the study site, Dawmat Al Jandal, Al
Jawf of Saudi Arabia. In total, seismic refraction data was acquired at 27 sites.
Unfortunately, the lower velocity of seismic refraction surveying (p-wave) was
able to image the subsurface to depths of only 22 meters. As a consequence, the top of
the sandstone in the study areas could not be mapped using this technique.

4.2. WAVE MOTION
In compressional/dilatational or P-waves, the particles of the medium move in the
direction of wave travel, involving alternating expansion and contraction of the medium.
In shear or S-waves, the motion of the particles is perpendicular to the direction of wave
travel.
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The equations of motion for dilation (P-wave) and shear (S-wave) disturbances
propagating through a material can be derived in terms of dilatational and rotational
strains. The physical result obtained from these equations is that the velocities of P-waves
and S-waves (Vp and Vs respectively) are related to the elastic moduli and density of the
material. In a P-wave refraction survey, S-waves are considered to be noise. The
relationships are:
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Equation 4.1

Equation 4.2
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Where ρ is the density of the material, E is the Young’s modulus, k is the bulk
modulus, σ is Poisson’s ratio and μ is the shear modulus.
Equation 1 shows that when μ = 0 (as is the case for liquid and gaseous media),
the P-wave velocity is reduced. An important consequence of this relationship is that Pwaves are significantly slowed down while traveling through highly fractured and porous
rocks. The velocity of S-waves, Vs, is primarily a function of the shear modulus
(Equation 2). It is easy to see that Vs becomes zero when μ = 0. Thus, S-waves cannot be
propagated through liquid and gas media. Since the elastic moduli are positive, it is
understood from Equations 1 and 2 that Vp is always greater than Vs.
In sedimentary material a porosity change normally occurs, which leads to
contrasting densities and seismic velocities.

At a layer boundary, e.g. between

unconsolidated sediments like gravel, sand, till, or clay, P-wave velocities range from
200-800 m/s for dry materials, and 1500-2000 m/s for water saturated materials. Thus, a
seismic wave impinging on this layer boundary will be partly reflected and partly
refracted. Figure 4.1, Table 4.1 shows examples of P-wave velocities. Figure 4.1
illustrates a seismic survey: layer model, seismic rays, (green: direct travelling wave,
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blue: (critical) refracted or head wave, red: reflected waves) and resulting seismogram
with appropriate seismic signals.

Figure 4.1 Seismic Survey Layer Model.
The computer program further needs a constant ratio of P-wave to S-wave velocities
(Vp/Vs) for the computation of S-wave travel times. For the preliminary location, an
average value of Vp/Vs = 1.73 of the Earth's crust is used. However, Vp/Vs can be
determined with a fair degree of accuracy by the Wadati-plot method (Wadati, 1933).

Vp = 1.7Vs

Equation 4.3

The speed of wave propagation is NOT the speed at which particles move in
solids (~ 0.01 m/s). The P-wave volocities are strongly temperature dependent (Kohnen,
1974), and are summarized in Table 4.1, showing VP (m/s) at different materials.
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Table 4.1 Examples of P-wave Volocities.

4.3. GEOMETRY OF REFRACTED RAYPATHS
The seismic refraction method is based on the principle that when a seismic wave
(P-wave and/or S-wave) impacts upon a boundary, across which there is a contrast in
velocity, then the direction of travel of that wave changes on entry into the new medium.
The amount of change of direction is governed by the contrast in seismic velocity across
the boundary according to Snell’s Law:
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Sin i /Sin r = V1/V2 for general refraction
Sin ic = V1/V2 for critical refraction
Where
ic is the angle at which critical refraction occurs, and V2 is greater thanV1. V1 and
V2 are the seismic velocities of the upper and lower layers respectively; r and i are the
angles of incidence and refraction.
The basic assumption for seismic refraction interpretation is that the layers
present are horizontal, or only dipping at shallow angles, and are in the first instance, a
planner surface.

4.3.1. Planar Interfaces. 4.3.1.1. Two-layer case. Figure 4.2 shows that the
raypath taken by a signal originating from the source S to travel A, where it undergoes
critical refraction, and travels towards (and ultimately beyond) position B. The headwave
is originating from the refractor at travel B through layer 1 where it is detected by a
geophone at G. The geophone is offset from the shot by a distance of x. The total travel
time taken is the sum of the three component travel times.

Figure 4.2 Simple Raypath for a Two-Layer Structure.
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The extrapolation of the segment from the critically refracted arrivals on to the
time axis gives an intercept time, ti, from which the depth to the refractor (z) can be
calculated, given values of V1and V2 derived from the time-distance graph. The travel
time for a two-layer case can be calculated from the following equation:
Total travel time is:

TSG = TSA + TAB +TBG

Equation 4.4

Where:
TSA = TBG = Z/ (V1Cosic)

Equation 4.5

TAB = (x -2z tan ic)/V2

Equation 4.6

Substituting Equations (5) and (6) into (4) we obtain:

TSG = z/ (V1 Cos ic) + (x-2z tan ic)/ V2 + z/ (V1 Cos ic)
This simplifies to:
TSG = (1/V2) x + 2z (Cos ic)/V1

Equation 4.7

This has the form of the general equation of a straight line, y = mx + c, where m=
gradient and c = intercept on the y-axis on a time-distance graph. So, from Equation (7),
the gradient is 1/V2and c is the refraction time intercept ti such that ti = 2z (Cos ic)/V1
Remember that Sin ic = V1/V2 (Snell’s Law), and hence:
Cos ic = (1 – V21/ V22)1/2 (from Sin2

+ Cos2

= 1)

An alternative form to Equation (7) is:

TSG = x (Sin ic)/ V1 + 2z (Cos ic)/V1

Equation 4.8
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Or:
TSG = z/ V2 + ti

Equation 4.9

Where
ti = 2z (V21/ V22)1/2 / V1V2

Equation 4.10

z = ti V1V2/ 2 (V22/ V21)1/2

Equation 4.11

4.3.1.2. Three-layer case. The simple raypath geometry for critical refraction to
occur in a three-layer model with horizontal interfaces is shown in Figure 4.3 (A), and its
corresponding travel time-distance graph is shown in Figure 4.3 (B). The expressions
governing travel time-velocity relationships are given as follows:

Total travel time is:

TSG = TSA + TAB + TBC + TCD + TDG

Equation 4.12

Where:

TSA = TDG = z1 / V1 Cos

1

TAB = TCD = z2 / V2 Cos

c

TBC = (x- 2z1 tan

1

- 2z2 tan

c)/

V3

Combining these gives:

TSG + x / V3 + (2 z2 Cos

2)

/ V2 + (2z1 Cos

1)

V1

Equation 4.13
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TSG = x / V3 + t2

sin  1 sin  c
1


(from Snell’s Law)
V1
V2
V3

Thicknesses of refractors are given by:



z1  t1V1V2 / 2 V22  V12



z 2  t 2V2V3 / 2 V32  V22



1/ 2



 z1V2 V32  V22



1/ 2





1/ 2

/ V1 V32  V22



1/ 2

Equation 4.14

The purpose of reducing the thickness of layer 2 on the time-distance graph is to
reduce or even completely remove the straight-line segment corresponding to refracted
arrivals from the top of layer 2 (Lankston, 1990). The signal travels from the source
down to the first refractor (at A), where it is refracted into the second medium through
the second interface (at B), at which point it is then critically refracted. From there, the
generated head wave from the lowest refractor travels back from C through the overlying
layers to arrive at the geophone at G.
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Figure 4.3 (A) Simple Raypath Diagram for Refracted Rays, (B) Travel Time-Distance
Graph for a Three-Layer Case with Horizontal Planner Interfaces.

The analysis works by determiningV1, V2, t1, and t2 from the travel time graph for
the top two layers, and the thickness of the first two refractors can be calculated using the
equations. The thicknesses of refractors are usually underestimated by about 3%, with the
percentage inaccuracy increasing as the number of layers that are involved increases.
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4.3.2. Requirements and Field Procedure. To perform seismic refraction, three
basic requirements are needed. These requirements are a seismic energy source, sensors
of seismic waves, and a seismograph.
4.3.2.1. The seismic energy source. The aim of using any seismic source is to
produce a large enough signal into the ground to ensure a sufficient penetration depth and
a high enough resolution to image the subsurface. There is a large amount of different
sources that can be used in a wide variety of situations, and a great deal of progress has
been, and is being, done to make seismic sources more efficient and effective. The most
appropriate source type for a particular survey depends on the objective of the study.
Impressions of different source types have been given by (Miller et al., 1986, 1992,
1994), with particular reference to environmental geophysics applications.
In picking a source, there is always a trade-off between penetration depth and
lowest resolution, which is dependent upon one-quarter of the wavelength. To attain a
decent penetration depth requires a low-frequency source, but this type of source has a
lower resolution. High-resolution shallow seismic surveys require higher-frequency
sources, and thus have a restricted penetration depth.
In the present study, the electrically operated seismic source ESS200T was used
as shown in Figure 4.4. This source accelerates weight to a much higher velocity for
more energy by an electric generator. The source uses proven elastomers technology,
shortened to accelerate a steel hammer to high velocities, guaranteeing high frequencies
and a superior energy level. This source can be used to get P-waves by hitting the ground
vertically; additionally the design impression is even available with a built-in hammer
coupling plate up to 200 lb. The ESS200T is suitable for studies with penetration depths
from a few meters to several hundred meters.

4.3.2.2. Sensors. Seismic refraction involves placing a line of sensors
(geophones) on a substrate of some kind, normally the ground surface, or down
boreholes, and measuring the relative arrival time of a seismic wave at the sensors. A
special form of geophone is the accelerometer which, as its name suggests, the relative
arrivals are used to define the subsurface.
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Most geophones, which are also known as jugs (and people who implant
geophones are known as ‘jug-handlers or juggies’) are of the ‘moving-coil’ type. A
cylindrical coil is suspended by a leaf-spring in a magnetic field provided by a small
permanent magnet which is fastened to the geophone casing (Figure 4.5 A and B). By
suspending the coil from a spring, an oscillatory system is created with a resonant
frequency dependent upon the mass of the spring and the stiffness of the suspension. The
geophone is implanted into the ground with a spear attached to the base of the casing
(Figure 4.5 A) to confirm a good ground connection. Usual geophone construction is
shown in Figure 4.5 B. Some geophones are used as transducers to monitor vibrations in
heavy engineering machinery, but they work on exactly the same principle as either
geological complement.
In the present study, vertical-type geophones are used for P-waves (40 Hz natural
frequency). For shallow seismic surveys, seismic signals tend to have a much higher
frequency, and a geophone with a natural frequency around 40 Hz is a good compromise.

4.3.2.3. Seismograph. There is a wide variety of seismographs available that are
designed for different applications and budgets. The recording and display unit is
compatible with the Geometrics'. One of these seismographs is the StrataView multichannel seismic system. The seismograph is available for operation by one person using
constant offset profiling. The advantage of signal enhancement instruments is that instead
of having to supply all of the required energy in a single blast, many smaller ‘shots’ can
be used to build up the seismic record. By doing this, the process of summation helps to
reduce incoherent noise, thus improving the signal-to-noise ratio.
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Figure 4.4 Seismic Sources ESS200T with Integrated Controls and Trigger System, (To
Generate P-waves).

A

Figure 4.5 (A): Field Geophone with a Spike.
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B

Figure 4.5 (B): Typical Geophone Construction. (cont.)

In the present study we used the StrataView recording seismograph. This
seismograph is the first seismic recorder flexible enough to meet the changing needs of
exploration, research, and geotechnical studies - you may never need another seismic
recorder! StrataView is light and portable when you need to do refraction. StrataView
works together to easily build larger systems for 2-D refraction surveys with vibrators or
impulsive sources (Figure 4.6). Also, the fast cycle times and wide bandwidth combine
for the preferred choice for VSP Tomography and Downhole Surveys. Additionally,
these high cycle times and wide bandwidth provide high resolution and time efficient
data collection.
The StrataView comes with the easiest-to-use software in the business. A menu
bar and simple pull down windows let you quickly configure the system and start
collecting data. StrataView seismographs are carefully engineered to provide
performance that is unmatched in other systems. After the digital conversion of the
geophone signals, data is streamed into digital signal processing chips (DSPs). These
specialized CPUs perform low cut, high cut, notch filtering and correlation in a fraction
of the time that is required by Pentium-type processors. DSP chips run cool and use little
power, which extends the operating temperature of the StrataView beyond any similar
system.
The ambient vibration records were analyzed using flexible configurations of 24
channels with 40 Hz vertical geophones. The sources were hammer weight dropped for
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the P-wave profiles with an offset of 3 meters and equal spacing between geophones. In
addition, the ambient vibration was measured using the P-wave refraction deployment to
determine the subsoil in order to predict of the number of layers mineralized. Refraction
data was analyzed by inverting the travel times of the first arrivals. However, wave
propagation in soft soils limited the exploration depth; the results could only be obtained
up to 20 meters.

Figure 4.6 Geometrics StrataView (R24) Channels Seismograph.

4.4. DATA ACQUISITION
For a seismic refraction survey on land, the basic layout is shown in Figure
4.7. A number of geophones, typically 12 or 24, are laid out along a cable with a
corresponding number of take-outs along a straight line. This set of geophones
constitutes a ‘spread’. It should be noted that this is not a geophone ‘array’. The
seismic source (shot), whatever type it happens to be for a given survey, is located in
one of three locations. The simplest case is for the shot to be positioned at the start
and the end of the spread, which are called ‘end-on’ shots. A source located at a
discrete distance off the end of the spread is known as an ‘off-end’ shot. A source
positioned at a location along the spread is known as a ‘split-spread’ shot; usually this
is at the middle along a spread. Shots are usually fired (hammer weight drop) into a
spread from each end (end-on and off-end shots) in forward and reverse directions.
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The positioning of the shots, relative to a given spread, is to achieve adequate
coverage of the refractor surface and to provide adequate lateral resolution. With each
shot location into the same spread, additional data is acquired to provide sufficient
information for detailed data reduction and analysis. Figure 4.8 shows the field
seismic survey at the Dawmat Al Jandal, Al Jawf area.
The output results of seismic refraction measurements are to measure the
thickness, follow layers, as well as to determine the depth to the bedrock, rock
quality, and lithology type by using the seismic refraction method. This is implied
firstly to throw light upon the end product of the seismic refraction technique that was
used in this study.

Figure 4.7 Geophone Spread for a Refraction Survey with Shot Locations Indicated.
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Figure 4.8 Field Seismic Survey at Dawmat Al Jandal, Al Jawf.

4.4.1. Description of Seismic Profiles. The shallow seismic refraction survey
was conducted in twenty-seven sites at the silica sand deposits of Al-Mulayh Dawmat Al
Jandal. The study area has been divided into two zones, as shown in Figure 4.9. The
survey was applied to obtain the P-wave velocity. The profiles were distributed along the
site of Zone (A), where fourteen profiles were carried out west of the Hail-Dawmat Al
Jandal Qurayat highway (N 29°28’ 54.6” and E 39° 53’ 48.4”). Thirteen profiles were
carried out east of the Qurayat highway (N 29° 27’ 27.2” and E 39° 59’ 40.1”) at Zone
(B).
The profiles were carried out with 24 geophones, and the geophone spacing between
every two geophones was three meters. Along the profile, three shots were done; one at
each of the beginning and end of the profiles (about 10 meters. from the first and the last
geophone) and one in the middle (between geophones 12 and 13), as shown in Figure 4.8.
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JSSD-5

JSSD-16
JSSD-22

JSSD-8

Figure 4.9 Map showing the location of boreholes at the silica sand deposits of AlMulayh Dawmat Al Jandal in Saudi Arabia.
4.4.2. Seismic Data Interpretation. Several interpretation techniques are
established for seismic refraction data. Each of them depends on the character of the
refractor. The travel time distance curves are constructed based on refracted waves from
the subsurface layering interface. In this study, the seismic signals are recorded using
StrataView software which helps the user pick first arrivals and plot travel time curves in
the field. The on-screen layer assignment lets the user process data while waiting for the
next shot. Of the seismic sections obtained for each shot, the P-wave first arrivals were
picked. The picked data was analyzed using Seisimager software. From the analyzed
data, the P-wave velocities for each layer were calculated. The results of this survey are
summarized in Table 4.2, which shows the number of layers, its P-wave velocities, and
the depth. The travel time distance curves and the corresponding 2-D ground model for
each site are shown in Figures 4.10 to 4.36 and are described as the following:
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4.4.2.1. Geoseismic Cross Section along Profile JSSD-1. This profile is located
at Zone A, west of the Hail-Dawmat Al Jandal Qurayat highway. The P-wave was picked
up as a first arrival, using 24 geophones with 3 meter geophone intervals, on the basis of
first arrival P-wave picking up. Figure 4.10 shows the depth velocity model of this
profile. The first layer, or surface layer, is friable fine sand and gravel with a P-wave
velocity about 461 m/sec, and the average thickness ranges from 4 to 5 meters. The
second layer is mainly composed of fine friable silica sand. The depth of this layer is
about 5 meters with a P-wave velocity about 1040 m/sec.

Figure 4.10 JSSD-1: 2-D Underground Velocity Model.

4.4.2.2. Geoseismic cross section along profile JSSD-2. This profile is located at
Zone A, west of the Hail-Dawmat Al Jandal Qurayat highway. Figure 4.11 shows the
depth velocity model of this profile. The first layer, or surface layer, is friable fine silica
sand and gravel with a P-wave velocity of about 270 m/sec, and the average thickness
ranges from 1 to 1.5 meters. The second layer is mainly composed of fine friable silica
sand. The depth of this layer is about 1.5 meters with a P-wave velocity of about 1040
m/sec.

Figure 4.11 JSSD-2: 2-D Underground Velocity Model
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4.4.2.3. Geoseismic cross section along profile JSSD-3. This profile is located at
Zone A, west of the Hail-Dawmat Al Jandal Qurayat highway. Figure 4.12 shows the
depth velocity model of this profile. The first layer, or surface layer, is friable fine silica
sand with a P-wave velocity of about 396 m/sec, and the average thickness ranges from 0
to 4 meters. The second layer is mainly composed of fine friable silica sand. The depth of
this layer is about 2 meters with a P-wave velocity of about 939 m/sec.

Figure 4.12 JSSD-3: 2-D Underground Velocity Model.

4.4.2.4. Geoseismic cross section along profile JSSD-4. This profile is located at
Zone A, west of the Hail-Dawmat Al Jandal Qurayat highway. Figure 4.13 shows the
depth velocity model of this profile. The first layer, or surface layer, is friable fine silica
sand with a P-wave velocity about 499 m/sec, and the average thickness ranges from 0 to
1 meter. The second layer is mainly composed of fine friable silica sand. The depth of
this layer is about 1 meter with a P-wave velocity of about 1004 m/sec.

Figure 4.13 JSSD-4: 2-D Underground Velocity Model.
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4.4.2.5. Geoseismic cross section along profile JSSD-5. This profile is located at
Zone A, west of the Hail-Dawmat Al Jandal Qurayat highway. Figure 4.14 shows the
depth velocity model of this profile. This layer is friable fine silica sand with a P-wave
velocity of 675 m/sec, and began to appear from the depth 0.30 meters.

Figure 4.14 JSSD-5: 2-D Underground Velocity Model.

4.4.2.6. Geoseismic cross section along profile JSSD-6. This profile is located at
Zone A, west of the Hail-Dawmat Al Jandal Qurayat highway. Figure 4.15 shows the
depth velocity model of this profile. This layer is friable fine to coarse grain silica sand,
with a P-wave velocity of 769 m/sec, and began to appear from the depth 0.20 meters.

Figure 4.15 JSSD-6: D Underground Velocity Model.

4.4.2.7. Geoseismic cross section along profile JSSD-7. This profile is located at
Zone A, west of the Hail-Dawmat Al Jandal Qurayat highway. Figure 4.16 shows the
depth velocity model of this profile. The first layer, or surface layer, is friable fine silica
sand with a P-wave velocity of about 684 m/sec, and the average thickness ranges from
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0.30 to 15 meters. The second layer is mainly composed of fine friable silica sand. The
depth of this layer is about 15 meter with a P-wave velocity of about 1162 m/sec.

Figure 4.16 JSSD-7: D Underground Velocity Model.

4.4.2.8. Geoseismic cross section along profile JSSD-8. This profile is located at
Zone A, west of the Hail-Dawmat Al Jandal Qurayat highway. Figure 4.17 shows the
depth velocity model of this profile. The first layer, or surface layer, is friable fine silica
sand with a P-wave velocity of about 273 m/sec, and the average thickness ranges from 0
to 1.2 meters. The second layer is mainly composed of fine friable silica sand. The depth
of this layer is about 1.2 meters with a P-wave velocity of about 812 m/sec.

Figure 4.17 JSSD-8: 2D Underground Velocity Model.

4.4.2.9. Geoseismic cross section along profile JSSD-9. This profile is located at
Zone A, west of the Hail-Dawmat Al Jandal Qurayat highway. Figure 4.18 shows the
depth velocity model of this profile. The first layer, or surface layer, is friable fine silica
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sand with a P-wave velocity of about 314 m/sec, and the average thickness ranges from 0
to 0.3 meters. The second layer is mainly composed of fine friable silica sand. The depth
of this layer is about 0.3 meters with a P-wave velocity of about 718 m/sec.

Figure 4.18 JSSD-9: 2D Underground Velocity Model.

4.4.2.10. Geoseismic cross section along profile JSSD-10. This profile is located
at Zone A, west of the Hail-Dawmat Al Jandal Qurayat highway. Figure 4.19 shows the
depth velocity model of this profile. The first layer, or surface layer, is friable fine silica
sand with a P-wave velocity about 295 m/sec, and the average thickness ranges from 0 to
0.6 meters. The second layer is mainly composed of fine friable silica sand. The depth of
this layer is about 0.6 meters with a P-wave velocity of about 776 m/sec.

Figure 4.19 JSSD-10: 2D Underground Velocity Model.

4.4.2.11. Geoseismic cross section along profile JSSD-11. This profile is located
at Zone A, west of the Hail-Dawmat Al Jandal Qurayat highway. Figure 4.20 shows the
depth velocity model of this profile. The first layer, or surface layer, is friable fine silica
sand and gravel, with a P-wave velocity of about 712 m/sec, and the average thickness
ranges from 0.6 to 1.0 meters. The second layer is mainly composed of fine friable silica
sand. The depth of this layer is about 1 meter with a P-wave velocity of about 727 m/sec.
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Figure 4.20 JSSD-11: 2D Underground Velocity Model.

4.4.2.12. Geoseismic cross section along profile JSSD-12. This profile is located
at Zone A, west of the Hail-Dawmat Al Jandal Qurayat highway. Figure 4.21 shows the
depth velocity model of this profile. The first layer, or surface layer, is friable fine silica
sand with a P-wave velocity of about 344 m/sec, and the average thickness ranges from 0
to 0.6 meters. The second layer is mainly composed of fine friable silica sand. The depth
of this layer is about 0.6 meters with a P-wave velocity of about 750 m/sec.

Figure 4.21 JSSD-12: 2D Underground Velocity Model.

4.4.2.13. Geoseismic cross section along profile JSSD-13. This profile is located
at Zone A, west of the Hail-Dawmat Al Jandal Qurayat highway. Figure 4.22 shows the
depth velocity model of this profile. The first layer, or surface layer, is friable fine silica
sand and gravel, with a P-wave velocity of about 423 m/sec, and the average thickness
ranges from 1 to 1.3 meters. The second layer is mainly composed of fine friable silica
sand. The depth of this layer is about 1.3 meters with a P-wave velocity of about 809
m/sec.
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Figure 4.22 JSSD-13: 2D Underground Velocity Model.

4.4.2.14. Geoseismic cross section along profile JSSD-14. This profile is located
at Zone A, west of the Hail-Dawmat Al Jandal Qurayat highway. Figure 4.23 shows the
depth velocity model of this profile. The first layer, or surface layer, is friable fine silica
sand with a P-wave velocity of about 525 m/sec, and the average thickness ranges from
0.0 to 0.9 meters. The second layer is mainly composed of friable fine silica sand. The
depth of this layer is about 0.5 meters with a P-wave velocity of about 890 m/sec.

Figure 4.23 JSSD-14: 2D Underground Velocity Model.

4.4.2.15. Geoseismic cross section along profile JSSD-15. This profile is located
at Zone B, east of the Qurayat highway. A P-wave was picked up as first arrivals, using
24 geophones with a 3 meter geophone interval, on the basis of the first arrival P-wave
picking up. Figure 4.25 shows the depth velocity model of this profile. The first layer, or
surface layer, is friable fine sand and gravel, with a P-wave velocity of about 362 m/sec,
and the average thickness ranges from 0.0 to 1.0 meters. The second layer is mainly
composed of fine friable silica sand. The depth of this layer is about 0.60 meters with a Pwave velocity of about 875 m/sec.
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Figure 4.24 JSSD-15: 2D Underground Velocity Model.

4.4.2.16. Geoseismic cross section along profile JSSD-16. This profile is located at
Zone B, east of the Qurayat highway. Figure 4.25 shows the depth velocity model of this
profile. The first layer, or surface layer, is friable fine silica sand and gravel, with a Pwave velocity of about 440 m/sec, and the average thickness ranges from 0.0 to 1.0
meters. The second layer is mainly composed of friable fine silica sand. The depth of this
layer is about 1.0 meter with a P-wave velocity of about 825 m/sec.

Figure 4.25 JSSD-16: 2D Underground Velocity Model.

4.4.2.17. Geoseismic cross section along profile JSSD-17. This profile is located
at Zone B, east of the Qurayat highway. Figure 4.26 shows the depth velocity model of
this profile. The first layer, or surface layer, is friable fine silica sand and gravel, with a
P-wave velocity of about 729 m/sec, and the average thickness ranges from 0.3 to 10.50
meters. The second layer is mainly composed of fine friable silica sand. The depth of this
layer is about 1.50 meters with a P-wave velocity of about 878 m/sec.
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Figure 4.26 JSSD-17: 2D Underground Velocity Model.

4.4.2.18. Geoseismic cross section along profile JSSD-18. This profile is located
at Zone B, east of the Qurayat highway. Figure 4.27 shows the depth velocity model of
this profile. The first layer, or surface layer, is friable fine silica sand and gravel, with a
P-wave velocity of about 200 m/sec, and the average thickness ranges from 0.0 to 0.30
meters. The second layer is mainly composed of friable fine silica sand. The depth of this
layer is about 0.30 meters with a P-wave velocity of about 769 m/sec.

Figure 4.27 JSSD-18: 2D Underground Velocity Model.

4.4.2.19. Geoseismic cross section along profile JSSD-19. This profile is located
at Zone B, east of the Qurayat highway. Figure 4.28 shows the depth velocity model of
this profile. The first layer, or surface layer, is friable fine silica sand and gravel, with a
P-wave velocity of about 729 m/sec, and the average thickness ranges from 0.6 to 11
meters. The second layer is mainly composed of fine friable silica sand. The depth of this
layer is about 11 meters with a P-wave velocity of about 926 m/sec.
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Figure 4.28 JSSD-19: 2D Underground Velocity Model.

4.4.2.20. Geoseismic cross section along profile JSSD-20. This profile is located
at Zone B, east of the Qurayat highway. Figure 4.29 shows the depth velocity model of
this profile. The first layer, or surface layer, is friable fine silica sand and gravel, with a
P-wave velocity of about 227 m/sec, and the average thickness ranges from 0.0 to 0.80
meters. The second layer is mainly composed of fine friable silica sand. The depth of this
layer is about 11 meters with a P-wave velocity of about 947 m/sec.

Figure 4.29 JSSD-20: 2D Underground Velocity Model.

4.4.2.21. Geoseismic cross section along profile JSSD-21. This profile is located
at Zone B, east of the Qurayat highway. Figure 4.30 shows the depth velocity model of
this profile. The first layer, or surface layer, is friable fine silica sand and gravel, with a
P-wave velocity of about 391 m/sec, and the average thickness ranges from 0.0 to 1.50
meters. The second layer is mainly composed of fine friable silica sand. The depth of this
layer is about 1.5 meters with a P-wave velocity of about 732 m/sec.
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Figure 4.30 JSSD-21: 2D Underground Velocity Model

4.4.2.22. Geoseismic cross section along profile JSSD-22. This profile is located
at Zone B, east of the Qurayat highway. Figure 4.31 shows the depth velocity model of
this profile. The first layer, or surface layer, is fine silica sand and gravel, with a P-wave
velocity of about 340 m/sec, and the average thickness ranges from 0.0 to 1.10 meters.
The second layer is mainly composed of fine friable silica sand. The depth of this layer is
about 0.70 meters with a P-wave velocity of about 922 m/sec.

Figure 4.31 JSSD-22: 2D Underground Velocity Model

4.4.2.23. Geoseismic cross section along profile JSSD-23. This profile is located
at Zone B, east of the Qurayat highway. Figure 4.32 shows the depth velocity model of
this profile. The first layer, or surface layer, is fine silica sand and gravel, with a P-wave
velocity of about 562 m/sec, and the average thickness ranges from 0.0 to 1.75 meters.
The second layer is mainly composed of friable fine silica sand. The depth of this layer is
about 1.75 meters with a P-wave velocity of about 791 m/sec.
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Figure 4.32 JSSD-23: 2D Underground Velocity Model.

4.4.2.24. Geoseismic cross section along profile JSSD-24. This profile is located
at Zone B, east of the Qurayat highway. Figure 4.33 shows the depth velocity model of
this profile. The first layer, or surface layer, is fine silica sand and gravel, with a P-wave
velocity of about 207 m/sec, and the average thickness ranges from 0.0 to 0.60 meters.
The second layer is mainly composed of friable fine silica sand. The depth of this layer is
about 0.60 meters with a P-wave velocity of about 812 m/sec.

Figure 4.33 JSSD-24: 2D Underground Velocity Model.

4.4.2.25. Geoseismic cross section along profile JSSD-25. This profile is located
at Zone B, east of the Qurayat highway. Figure 4.34 shows the depth velocity model of
this profile. The first layer, or surface layer, is fine silica sand and gravel, with a P-wave
velocity of about 223 m/sec, and the average thickness ranges from 0.0 to 0.50 meters.
The second layer is mainly composed of friable fine silica sand. The depth of this layer is
about 0.50 meters with a P-wave
velocity of about 771 m/sec.
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Figure 4.34 JSSD-25: 2D Underground Velocity Model

4.4.2.26. Geoseismic cross section along profile JSSD-26. This profile is located
at Zone B, east of the Qurayat highway. Figure 4.35 shows the depth velocity model of
this profile. The first layer, or surface layer, is fine silica sand and gravel, with a P-wave
velocity of about 199 m/sec, and the average thickness ranges from 0.0 to 0.70 meters.
The second layer, or bedrock layer, is mainly composed of friable fine silica sand. The
depth of this layer is about 0.70 meters with a P-wave velocity about 763 m/sec.

Figure 4.35 JSSD-26: 2D Underground Velocity Model

4.4.2.27. Geoseismic cross section along profile JSSD-27. This profile is located
at Zone B, east of the Qurayat highway. Figure 4.36 shows the depth velocity model of
this profile. The first layer, or surface layer, is friable silica sand and gravel, with a Pwave velocity of about 841 m/sec, and the average thickness ranges from 0.7 to 13
meters. The second layer is mainly composed of fine friable silica sand. The depth of this
layer is about 13 meters with a P-wave velocity of about 972 m/sec.
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Figure 4.36 JSSD-27: 2D Underground Velocity Model

4.4.3. Velocities of Layers from Seismic Refraction Survey. The P-wave
velocities, which are computed from seismic refraction surveys from the upper layer to
the lower layers for each profile, are represented in contour maps. Zone A is west of the
Hail-Dawmat Al Jandal Qurayyat highway. The minimum value is about 270 m/sec in
this part of the area, while the maximum value of the P-wave velocity of the first, or
surface, layer is about 712 m/sec, where the sediments are fine friable silica sand and
loose. Therefore, the minimum value of the P-wave velocity of the second layer is about
718 m/sec, and the maximum value is about 1162 m/sec at the part of the area where the
sediments are mainly composed of fine friable silica sand.
At Zone B, east of the Qurayat highway, the minimum value is about 199 m/sec
in this part of the area, while the maximum value of the P-wave velocity of the first, or
surface, layer is about 841 m/sec, where the sediments are fine friable silica sand and
loose. Therefore, the minimum value of the P-wave velocity of the second layer is about
729 m/sec, and the maximum value is about 947 m/sec at the part of the area where the
sediments are mainly composed of fine friable silica sand. The bedrock layer, or the top
sandstone layer, was not imaged using seismic refraction surveys.

4.4.4. Thickness of Layers from Seismic Refraction Survey. Regarding the
thickness of the upper layer, or the first layer, the minimum thickness ranges from 0.0 to
0.3 meter, while the maximum value is about 5 meters in the study area. The depth to the
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second layer has a minimum value of about 8.7 meters, and a maximum value of about 10
meters, at Zone A.
At Zone B, concerning the thickness of the upper layer, or the first layer, the
minimum thickness ranges from 0.0 to 0.3 meter, while the maximum value is about 13.5
meters in the study area. Also, the second layer has a minimum value of about 8.3 meters,
and a maximum value of about 19 meters.
Also, the author has identified each profile in the 3-D map. Thus, Surfer8 was
presented to create a contour map for the elevation, from the upper layer, and lower layer
as shown in Figures 4.37, near the sites of previous core holes.
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Table 4.2. Summary of the Study Area By Refraction Seismic (P- wave).

119

Figure 4.37 The Surface Plot Shows the Thickness of Each Layer of the Earth Model.
This is a 3-D Surface Plot of the Upper Layer and the Lower Layer.
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4.5. CONCLUSIONS
According to seismic parameters obtained from these profiles and their
comparison with the available core holes sites data, the following conclusions and
recommendations can be made.
1) Seismic refraction is a cost effective means to obtain subsurface information
collected, interpreted and integrated over relatively large areas at sites needing
considerable as sand dunes.
2) The seismic refraction method could not be mapped the top of bedrock in the
study area, and therefore can not use this technique.
3) The maximum depth of exploration is limited by space requirements for long
cable layout and favorable shooting conditions for energy source. In general, a
seismic cable three times the expected depth of exploration is required to ensure
sufficient bedrock.
4) Limitations due to subsurface as thin layers and lower velocity. We did not see
bedding features as clearly of GPR.
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5. CONCLUSIONS AND RECOMMENDATIONS
The geophysical investigations proved the efficacy of the ground penetrating
radar (GPR), multichannel analysis of surface waves (MASW), and the seismic refraction
techniques for a favorable comparison to the core holes. These methods were successful
to some extent. Although, that relatively rapid, and useful for the exploration of
subsurface area where the results are varying, or slightly different as shown in Table 5.1,
and Table 5.2.
Author has used the statistics to map bedding planes within sands, to map top of
rock (estimate thickness of sand), cost, functionality (acquisition), and accuracy at the
study area, Dawmat Al Jandal, Al Jawf in Saudi Arabia.
Our conclusions, with respect to the utility of each of the three geophysical
methods, are summarized below, and compared with the core control. (These conclusions
are based on field tests conducted on the silica sand deposits, and may not be equally
valid at other test sites – particularly if the geologic conditions at the other test sites are
significantly different).


Coring tends to be expensive and is limited in terms of the subsurface area of
coverage.



The potential for project cost savings reflected in the bids, and in reduced
potential for changed conditions claims, may be very significant.



It is not necessary to access the top of the bedrock due to the cost of drilling and
the belief that access to this depth enough. In addition there are some difficulties
costly.



I do not believe to see the bedding features within the sand because of all the
samples were friable fine sand.



GPR is effective in rapidly profiling to estimate thickness of sand depths up to
20m.



GPR can be collected fairly rapidly, and initial interpretations can be made with
minimal data processing, making the use of GPR for shallow geophysical
investigation quite cost-effective.
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The GPR depth of penetration is limited compared with the MASW method, but it
is more effective to map bedding planes within sand, dry, sandy to seeing the
space between layers to better understand depositional environment.



MASW technique proved to be reliable and cost-effective.



The 2-D MASW profile was to be interpreted and compared with proximal core
holes control.



MASW was effective in mapping variable depth to top of bedrock, more reliable
and accurate estimate thickness of sand.



MASW was ineffective for mapping of bedding planes perhaps as a relatively low
shear-wave velocity zone within dry sand.



Seismic refraction is a cost effective means to obtain subsurface information
collected, interpreted and integrated over relatively large areas.



Seismic refraction can be very cost effective at tough locations considerable such
as sand. So, to map top of sand is limited by space requirements for long cable to
ensure sufficient sandstone bedrock. This one of limitations was due to subsurface
as thin layers and lower velocity.
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Table 5.1 This Table Shows the Comparison for the Thickness of the Layers from the
Minimum to the Maximum Depths of Silica Sand.
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Table 5.2 Ranking of Core Control , GPR, MASW, and Seismic Refraction Methods.
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